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Section 1. INTERFERENCE IN COMPONENTS

3-I. General

There are four basic approaches to the reduction of interference gen-

erated by such electronic circuit components as tubes (thyratroris, micro-

wave, vhf, and uhf) mnd semiconductors (thermistors, transistors, diodes).

These are:

1) Desion of components to minimize interference generation

2) Shielding and filtering of the entire unit containing these com-

ponents

3) Shielding and filtering of the components causing interference

4) Selection of circuit designs and components which create a min-

inum of interference

Since it is not possible to prevent the generation of some undesired

signals, such as harmonics, and since the desired signals must be con-

fined, then the components or the entire unit must be shielded to prevent

radiated interference, and the leads must be filtered to prevent con-

ducted interference. The standard, and generally most practical and

economical method of shielding, is to shield the components causing the

interference rather than the entire unit.

3-2. Thyratrons

a. A primary source of interference is a pulse-type plate modulator

using an extremely high-voltage pulse to control the transmitter rf

oscillator circuits -- especially in high-power radar equipment utiliz-

ing thyratrons for the generation of the pulse. Figure 3-1 presents a

typical thyratron plate current and voltage waveform. Because these

pulses constitute rapid change of voltage and current, they are ex-

tremely rich in harmonic content. A broad band of pulse-type inter-

ference can be produced by this waveform and could cover the frequency

spectrum to 1000 mc even though considerably less spectrum is required.

To minimize both the radiated and conducted interference, the thyratron

should be provided with maximum isolation, (including efficient shield-
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Ing), and circuitry that generates only the spectrum that can be

uti I izeJ.

b. Thyratron tubes should be shielded and mounted on an rf Isolated

chassis: that is, with all leads filtered or bypassed with capacitors.

Internal interference reduction cOrcuits, such as resistance-capacitance

and inductance-capacitance filters, should be installed as close to the

thyratrons as possible to reduce lead length. The shield surrounding

the thyratron circuit should be designed in accordance with Chapter 2,

Section 4 to ensure complete rf Isolation. Any lead entering the shield-

ed compartment should be filtered at the point of entry. This includes

such leads as:

I) Relay and control leads

2) Metering leads

3) Filament transf.-rrer primary leads

4) High-voltage transformer primary leads or high-voltage power leads

5) Thyratron grid Input control leads

Leads are filtered most effectively by bulkhead filters that have atten-

uation characteristics capable of reducing the Interference to low levels.

The proper method of Installation of these bulkhead filters is Illustrated

on figure 3-2.

1. The high-voltage power supply for thyratrons is also a source of

interference. If the power supply is mounted within the thyratron shield-

ed enclosure, then bulkhead filters should be Installed on the high-

voltage transformer primary leads; a better design, is to locate the

power supply outside of the thyratron shielded area. A bulkhead-mounted

filter can be designed and Installed in the, high-voltage line to the

thyratrons for the dual purpose of smoothing the ripple frequency and

attenuating the Interference attempting to leave the enclosure by

this path. Mounting the high-voltage transformer external to the

thyratron-shielded enclosure also reduces the possibility of magnetic

coupling. The transformer should be located as far from the thyratrons

3-4
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as possible, and physically oriented to minimize magnetic coupling.

The trigger voltage lead to the tnyratrons should be qiven special

consideration. This lead will conduct interference from the thyratron

shielded enclosure, especially the high-voltage spike created by

firing the thyratron. During establishment of a plasma in the grid-

anode region when the tube starts to fire, the grid potential is

raised to a very high voltage for a fraction of a gsec. This action

results in a spike on the grid lead (figure 3-3). The interference

action of this voltage spike may be eliminated by employing a simple,

low-pass filter, such as that s5hown on figure 3-4. Proper design of

such a filter will pass the grid voltage into the thyratron and pre-

vent the spike from getting back into the generator. A typical de-

sign is computed as follows:

L - L- and C = f (3-1)
c c

where: R - nominal terminating resistance (ohms)

f - cutoff frequiacy (mc)

L - inductance (1±h)

C - capacitance (jIf)

For example, If R - 50.0 ohms and f - 2.37 mc, then L = 6.72 gh andc

C - 2688 pLjif. The low-pass flilter should be installed in a standard

bulkhead-type filter-can so that the Input can be isolated from the

output. A standard coaxial-type fitting can be used for the input

terminal. The trigger pulse cable should be of the coaxial type. A

hash filter, consisting of a choke in the plate and cathode circuits

of the thyratrons, will give some reduction of Interference. The use

of chokes must be carefully considered because the tube life of some

thyratrons is greatly shortened by the use of chokes. Even though

chokes are used, interference remaining in these circuits may still

be of high enough intensity to radiate from the leads; this radiation

will therefore necessitate the use of shielded leads.
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d. A shield should be constructed a,'ound the tube to prevent

radiation through the glass envelope. The filament leads should be

filtered at the point of entry to this shield. All leads, not having

any active function in the operation of the thyratron, should be routed

clear of these filament leads. If a thyratron lead does run in close

proximity to leads of other equipment, it will be necessary to shield

the thyratron lead that might be carrying interference.

e. A difficult interference problem arises when, for example, it is nec-

essary to run the dc output of a thyratron to a load such as the servo

motor in an antenna pedestal. A satisfactory method is to locate the

thyratron(s) directly in the antenna pedestal. This method permits

the dc output to be fed to the motor in a short run of conduit. The

signal voltage for the thyratrons is then brought to the antenna pedestal

via coaxial cables. The disadvantage of this design method, especially

in a remote installation, is the inaccessability for maintenance.

3-3. VHF and UHF Vacuum Tubes

Conductors contain a large number of so-called free electrons and

ions. The ions and electrons, acting similarly to an ideal gas, vi-

brate randomly about their average positions; these vibrations are a

function of temperature. Collisions between the free electrons and

the ions continuously take place, and there is a continuous transfer

of energy between them. Even with no signal source applied, there are

always electrons in motion, giving rise to the-mal noise, a randomly

fluctuating current flow. Shot noise also exists In vhf and uhf vacuum

tubes. Shot noise is most commonly described as noise due to the ran-

dom emission of electrons from a heated surface.

a. Inherent Tube Noise. Vacuum tubes act as noise sources be-

cause of the inherent electronic nature of their operation. Vacuum-

tube noise effects include those characterized as shot effects and

those resulting from such causes as tube ionization. An understanding

of the mathematics of noise voltages in tubes is essential for an

understanding of the possible means of reducing these noise sources.
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Electrons, as discrete particles, are emitted from the cathode in a

random manner; any current resulting from such emission has a random

or statistica, variation (shot effect). The noise for a given current

is maximum when the plate is absorbing all the electrons that are lib-

erated by the cathode; that is, when the emission is temperature-limited.

If the plate does not accept all the electrons emitted by the cathode,

as happens when the voltage across the tube is low enough so that not

all of the electrons receive enough energy to reach the plate, there

is a noise reduction. This noise reduction is due to electrons re-

maining in the vicinity of the cathode and forming a space-charge cloud,

or virtual cathode, which serves to limit the number of electrons reach-

ing the plate. This area is known as the space-charge-limited re-

gion. If the em-tting material is irregular in its nature, then

there will also be large low-frequency variations in its emissions,

known as the flicker effect. Noise will also arise from variations

in the secondary emission, from ionization within the tube, and from

a random variation of the division of current between elements in

multielectrode tubes. Of all these effects, the largest and most

important source of noise is the shot effect.

b. Shot Noise.

(1) Shot effect in temperature-limited diodes. The formula for the

mean-squared noise current fluctuations Is:

IN 2eIB (3-2)

where e is the charge of a single electron, I is the average

value of the plate current, and 8 is the bandwidth. This

equation is valid only for low frequencies (below approx-

imately 50 mc); the higher frequency noise phenomena in-

volves transit-time effects that lead to increased compli-

cations. The mean-squared noise current is proportional to

the plate current and the frequency ba dwidth, and the rms

noise current is proportional to their square root.
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As an example, if I is 1.0 ma and B is 5 kc, then:

.2N . 2 (1.6 x I "19 ) x I0"3 x (5 x 103) = 1.6 x 10-18

The rms current generated is thus 1.26 x 10-9 amps rms.

If this current flows through a 5-kilohm resistor, the rms

noise voltage is 6.3 4±v rms. If the bandwidth is quad-

rupled to 20 kc, the rms noise voltage doubles to 12.6 •v

rms. Equation 3-2 has been checked experimentally many

times and has even been used for precise measurements of

the electron charge e.

(2) Shot effect in space-charge-limited diodes. It has been

found, both experimentally and theoretically, that the ran-

dom emission of electrons is smoothed out by the presence

of space charge near the cathode. This is stated mathe-

matically as:

2 N 2eBr (3-3)

where all the terms are the same as in the temperature -

limited diode, and r2 is a dimensionless space-charge re-

duction factor, related in complicated fashion to both the

cathode temperature and the applied voltage, and varying

between 0.01 and 1.0. This factor can be replaced in the

equation by Introducing the diode dynamic plate conduc-

tan,'e (9d) and the cathode temperature in degrees Kelvin

(Tc) so that:

"-2 4kgd (0.644 T ) B (3-4)

where k is the Boltzmann constant.

(3) Shot effect in negative-grid triodes. The negative-grid

triode in the space-charge-limited region exhibits random
fluctuations in its plate current. The triode mean-squared
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plate fluctuation current is:

2 gm

"N - 4k (0.644 Tc)B x gm (3-5)

where gm is the triode transconductanLe, and a is a con-

stant which varies from triode to triode, normally having

values between 0.5 and 1.0. As with the diode, B is the

effective noise bandwidth determined by the over-all sys-

tem in which the tube is connected.

c. Thermal Noise. A metallic resistor can be considered the

source of spontaneous fluctuation voltages with mean-squared value:

V2 ' 4kTRB (3-6)Vth

where T is the temperature in degrees Kelvin of the resistor, and R

its resistance in ohms. The noise generated in the resistor is assumed

to contain almost all frequencies and be constant up to extremely high

frequencies of the order of 1013 cps, where quantum-mechanical effects

set in.

d. Shot Noise and Thermal Noise Combined (Noise Calculations for

Diode Circuits). Consider the case of a space-charge-limited diode

with resistive load as shown on figure 3-5. The equivalent circuit

appropriate for noise calculations is also given on figure 3-5; i2 isSh

the shot-noise term:

1 2 - 4k (0.644 Tc) (3-7)ish d gdB

The current version of equation 3-6 is obtained by replacing R (in this

case RL) with its conductance (GL); h is the thermal noise term:LL th i h hra os em

.th 2 4k TGLB (3-8)
t- L
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Independent noise sou,'ces add in a mean-squared sense just as Is

done in signal-power calculations. It is incorrect to add rms noise

vol tages.

.2 .12
2 V2 2 th sh

V sV (gd + GL) 2  (3-9)

4kB (0.644 T 9 d + TGL)
(gd + GL) 2  T

tt is important to stress that it is not simply a case of calculating

a mean-squared thermal-noise voltage due solely to RLP and adding to

it a squared voltage term due to the diode. Each device loads down

the other, and this n;,ist be considered. The load impedance seen by

each current source is the parallel combination of the diode plate

resistance and load resistance. Examining the last term in equation

3-9 with typical values:

gd - 2 x 10-3 mho GL - 10-4 mho

Tc - 1000 *K T - 293 *K

0.644 Tc gd - 1.3 TGL - 0.029

The shot noise overpowers the thermal roise in this case because of

the much smaller diode resistance (500 ohms) loading down the load

resistance (10 kllohms). Because gdj>GL, equation 3-9 becomes:

V2 4k (0.64 Tc) rdB (3-10)

with B - 5 kc, V2 - 0.09 x 10"12 volt 2, and the rms voltage is 0.3

Lv rms.

e. Triodes.

(I) Equivalent noise-producing resistance. The equivalent

noise-produc'ng resistance of a space-charge-limited triode

results from referring the triode shot noise back to the
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grid :ircult:

R - T (3-10)eq a T0 gm

where: R - that resistance which, if inserted in theeq

grid circuit of the given tube, would pro-

duce as much noise energy as does the tube

itself

e = approximately 0.644, the ratio o,. the noise energy of

the tube to the noiseenergy of a resistance (equal to

dynamic tube resistance at cathode temperature)

a - approximately O.S8, the ratio of the trans-

conductance of the triode to the conductance

of an equivalent diode (that is, the diode

having a cathode-plate spacing equal to the

cathode-grid spacing of the triode and having

a potential of (Eg + Ep/I) on the plate)

T - cathode temperature in *K

T - room temperature, *K

gm M transconductance of the triode, mhos

In a typical triode for which T - 1000 *K and To a 293 *K,

the use of the approximate values of 6 and a indicated, yields:

R n Li ohms (3-1 1)
eq gm

Equation 3-11 is the expression for equivalent noise re-

sistance commonly used for a triode amplifier. For a triode

mixer, the equation becomes:

4
R 4- ohms
eq 

-c
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9. PLATE-NOISE CIRCUIT 1N1212-286

Figure 3-6. "Triode Noise Calculations
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where: Am - g 9 L the mid-band amplification of the

p +G LP
circuit. Since the grid noise voltage appears multiplied

by the circuit amplification, the thermal-noise term due

to the plate load resistor Is normally negligible; that

2 2is: 4kT RL must however be included in the

calculations as a resistance in parallel with r (the

tube plate resistance).

If, for example,

Rs -1000 ohms gm- 2 x 10-3 mho

R - 106 ohms r - 15 x 103 ohms9 p

Rk - 1000 ohms Ck, 30 0f

g - 30 B - 20 kc

T - 20 *C RL = 75 x 103 ohms

It !A - 1250 ohms
eq gm

The rms grid noise voltage is:

62- a kT (1000 + 1250)8

a (I.62 x 10"20) x 2250 x (20 x 10 3)

- 0.73 x 1012

.N a 0.85 gv rms

The mean-squared thermal-noise current generated by RL is:

T2 0.43 x 10-20
th - 4kTGL O

But 9 2 2 ( 10-"6) (0.73 x 1012) 29x 108>12

m N th

The noise from the load resistor may thus be neglected in

comparison wIth the amplified grid noise. The rms output
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noise voltage is found as:

2 2 2V ~A e (-4N mN

VN = Am eN 25 x 0.85 vv 2i PV rms

In a receiver, noise voltages are amplified just as any

other voltage; therefore;the primary source of noise in

a cascaded series of amplifier stages is usually the firt

stLge. The noise introduced in ';ucceeding stges s

nqgligible compared with the amplified noise of the first

stage, therefore, noise reduction efforts should be

directed toward the first stage.

f. Multielement Tubes. The noise energy in pentode, beam, anI

screen-grid tubes is higher than In triodes with similar character--

istics because there is an added component of noise from the rand&:•

division of current between the screen and anode. The approximate

value of resistance, Req, which, if inserted ýn the grid circuit (o

a pentode or similar tube, would produce as much noise energy as

does the tube Itself, is:
Ib 2.5 + 20 "S2 (h s 3 1ý

Req = Ib + Ic2 gm g
m

where: Ib - average plate current, (amps)

Ic2 ' average screen-grid current, (amps)

9m W transconductance of the pentode, (m0 ;)

The noise energy from a pentode will be about three to seven times as

g-eat as that from a triode producing an equivalent amplificatiun.

This is not at all untypical of the increased noisiness of pen'ofde

operation. There are other sources of noise in tubes, such as ccllision

ionization, secondary emission, emission of positive ions, flicker effect

fr. oxide-coated cathodes, microphonics and hum. These sources (with

the possible exception of microphonics) produce noise that is ilow com-

pared to that from the shot effect.
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q. Determination of Noise Figure for Vacuum Tubes. The "lnoisino¾.-sl

of a particular system or part thereof can be measured by comparing

the signal-to-noise ratio (S/N) a- outgut and input. This measure

of the noisiness of a system is called the noise figure, F, of the

system and is defined as:

S S.o I i

N 0 F N.o

where 3.'0 is the signal-to-noise ratio at the output)and Si/Ni t:s"

signal-to-noise ratio at the input.

Of special interest is the amplifier problem of paragraph (e).

The plate !oad resistor contributed negligible noise to the output:

the primary source of network noise in this example, then, is the

L-be itself. The tube shot noise can be calculated from the equiv.

lent grid noise resistor R eq. Since this total noise appears in thK.

grid circuit, the signal voltage for both input and output S/N is

the same, and F is simply the ratio of total noise power to input

noise power, or:

R
F - I +R--q (3-16

Electron flow acts against controlling grid voltage. The damp-

ing effect introduces a noise voltage on the grid because of the

randomness oF the electron flow. The magnitude of this effect varies

directly with the square of the frequency, and is usualiy described

In terms of a quantity called the transit time conductance, Gt, wh

must be multiplied by a temperature factor, W, when used in the no'.,

equations. The value of W has been given as 5 for oxide cathodes.

The equivalent noise conductance, G is Identified as being equal

to W't A second source of noise is the equivalent noise resistan,

referred to the grid) eq , as was discussed previously. Knowing

these two noise parameters, the lowest possible noise figure for

every frequency can be calculated, as can the source impedance at
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whlch this occurs. The formulas used to calculate the optimum source

impedance (Rs Opt) in ohms and minimum noise figure (FI min) in db

are:

opt 
(-17)

F1 mai =li+ ,4 .. eq1Gn (3-18)

The value of F is the frequency (mc) at which Ghas been determined;
0 n

and f is the frequency (mc) at which the values of Rfs opt and FI min

are to be determined. Figure 3-7 shows the predicted noise figure

and the optimum source impedance of a number of uhf tube-types, as

determined on small samples of commercially available tubes. Values

of R and G for a number of tube-types are shown in tables 3-1eq n

and 3-2.

h. Techniques for Reducing Interference Sources. Wher treating

a tube as a source of interference, several interference reduction-

suppression and design techniques are available, as shown on figure

3-8. The techniques are:

) Use tubes with metal envelopes ur completely shield glass

envelopes

2) Use Class A Instead of Class C or Class C ampilflers when-

ever possible

3) Shield the underside of the tubes

4) nilter all bias and filament leads

5) Shield all signal circuitry

6) Use minimum power levels

7) Use good modulation techniques

8) Use amplifiers Instead of oscillators at high levels
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In addition, lowering the values of the noise-producing circuit

elements, as highlighted in the preceeding noise voltage equations,

will contribute to the over-all noise reduction.

1000

700
OPTIMUM SOURCE

IM V)~ MPEDANCE

C½ 300

70

6AN4
-68C4

35AM4

3 0

3. -//r,

10 30 70 100 300 700 1000 3000

FREIE CY (,c) 1N121.-1.6

Figure 3-7. Minimuhn Nois- Figure end Optimum Source
Impedance for Sevei'al Tubes
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TABLE 3-1. NOISE PARAMETERS FOR VARIOUS TUPES AT 90 MC
Tube Req Gn Eb Rk Gm Ib

Type (ohms) (umhos) (vo ts) (ohms) (lamnos) (ma

6AW4 260 600 200 100 9,800 10.0
6AN4 250 550 200 100 10,000 13.0
6WC4 260 540 150 100 10,000 14.5
6WC8 600 320 150 220 6,200 !0.0
6BK7A 240 520 150 54 9,500 18.0
6BN4 420 390 150 220 6,930 9.0
6BQ7A 435 290 150 200 7,040 9.0
6BS8 390 330 150 220 7,300 10.0
6BZ7a 490 350 150 220 6,800 10.0
8CE5_ 650 1200 200 180 5,700 11.0
2CY5 525 840 125 150 6,640 10.0
6201 600 320 250 200 5,300 10.0
7077 350 140 150 82 10,000 6.5
PC88 170 710 175 125 9,800 10.0
PCC88 280 540 150 220 15,000 12.0
EISOFa 120 1160 150 82 19,000 15.0

TABLE 3-2. NOISE PARAMETERS FOR VARIOUS TUBES AT 90 MC
Ib - I MA, ItK- 68 OHMS)

Tube Req Gn Eb Gm

Tvye (ohms) (. hosl (•lts) I(whos)

6BC8 340 520 135 9,600
68K7 355 580 130 89700
6BQ7A 460 520 135 8,500
66S8 345 530 220 9,800
6BZ7 420 540 120 8,000
6BZ8 385 700 165 10,000
Pcc81 180 820 100 13,800
2CY58 370 700 100 9,900
6BC5" 455 1500 150 9,500

aPentode or tetrode measured In triode connection
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METAL TUBE

ViASSIS (METAL) BOND CLIP

FILTER

SHIELD/ S CONNECTION
) U LEAD

FILAMENT
LEADS SHIELDED SIGNAL

CIRCUITS IN1L12-194

Figure 3-1. Interference Reduction Designed Tube Installation

i. Dark Noise. The use of superpower tubes in pulsed circuits raises

the problem of dark noise: the emission of noise resulting from the

residual plate current when the tube is cut-off. With plate voltages

on the order of 25 kv, a current of only a few me can radiate severe

interference fields capable of desensitizing nearby receivers. This

effect can be eliminated by pulsing the anode current, as is done in

a magnetron. Tubes have recently been developed that make it possible

to use grid modulation and yet hold the dark noise to . satisfactory low

va l ue.

Li Tube Suscaptibility. External signals can be transferred in-
to tube elements directly through the tube envelope or conducted in-

to the tubeby c;rcuit lead,., The degree of malfunction depends upon

the tube characteristics and the relative magnitudes of the desired
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and interference signals. Intermodulatlon is often a critical problem

in receivers. its magnitude is a function of the receiver character-

istics, including the choice of tubes. Proper use of tubes with high

intermodulation rejection characteristics reduces intermodulation diffi-

culties.

3-4. Microwave Tubes

a. General. High-power magnetron and klystron tubes are similar

in that each utilizes a cathode, an electron beam, a microwave inter-

action circuit, and a beam collector. The tubes are different in the

arrangement and shape of these elements and the mode of energy conversion

from dc to rf.

b. Magnetrons. Present-day high-power magnetron oscillator con-

struction usually consists of a cylindrical structure containing a

circular cathode, an electron beam, and a series of coupled cavities

grouped in a circle around the center cathode. The coupled cavities

form a slow-wave interaction circuit and are normally strapped to-

gether for attainment of better rf performance. These cavities con-

stitute a microwave band-pass filter. In the magnetron, this fi'ter

has a fixed number of filter sections, or cavities. The filter is

continuous, and thereby made resonant when the Input and output ter-

minals are connected together. I1 is possible for the tube to oscillate

at a number of undesired frequencies In addition to the desired fre-

quency. These undesired oscillations fall Into three separate cats-

gorles: harmonic, spurious, and modIng.

(1) Harmonic oscillations tn magnetrons. On figure 3-9, the

cavities In the magnetrons are shown In a pattern view

approximately a quarter-wavelength deep at the operatoig

frequency. Thus, for the fundamental frequency, the

electric field intensity is a maximum at the tooth sur-

face and zero at the shorted far end. At the second har-

monic frequency, the cavity is a half-wavelength long; at

the t0oth surface the electric field has a minimum value,
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MAINET MON CAVITIESFOLDED OUT FLAT

CATHODE INTERACTION SPACE-..,

BOTTOM OF CAVITY

2 "0 MA IC 3ND 'ARIOMIc

TOP OF CAVITY 1N1212-197

Figure 3-9. Variation of Electric' Field Intensity as a Function of

Distance from Top to Bottom of Cavity

as shown. At the third harmonic frequency, the cavity re-

sonator Is three-quarters of a wavelength long, and a maxi-

mum electric field for this wave appears at the tooth surface.

Even though the maximum amplitude of these harmonic fields

decreases with harmon!c order, the intensity of the fields

at the surface of the teeth is an important factor in de-

termining the level of harmonic energy output. For even

harmonics, the rf electric field is small; for odd har-

monics, it is large. Fortunately, the angular velocity

of the cavity spokes is optimum only for the fundamental
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frequency in the tube, so that the harmonic energy out-

put is only a small fraction of the fundamental frequency

energy output. Though the level of harmonic power may be

small compared with the fundamental, present-day multimega-

watt units make this harmonic power a sourc.D of consider-

able interference.

(2) Spurious oscillations in magnetrons. If it is assumed that

the resonant cavities in a magnetron are identical, then

(since they are coupled together electromagnetically) the

seeral cavities can be represented by a single tuned cir-

cuit, as shown on figure 3-10. This single tuned circuit

is coupled to the output load. At frequencies off resonance,

the tuned circuit appears either inductive or capacitive.

Because the coupling iris anO transmission-line circuit

appear to the tube as a capacitive susceptance, an im-

properly shaped voltage pulse will shock-excite a spurious

oscillation where the inductive susceptance of the tuned

circuit resonates with the capacitive susceptance of the

transmission line circuit. The cavities in practical mag-

netrons are not electrically indentical, and instead of a

single spurious frequency, several spuriou frequencies

are generated when various parts of the tube and output

circuit resonate. The energy in these spurious frequencies

can be high and can represent an Important source of potential

interference.

(3) Moding oscillations in Nagnetrons. Because a magnetron con-

sists of n-coupled resonaut circuits forming a resonant

system, there are n modes of oscillation for the system.

Normally In a magnetron, the design Is such that the low-

est frequency of oscillation occurs in the it-mode (sc-

called because the phase difference between adjacent anode

teeth is it-radians). The frequency separation of modes

in a magnetron depends upon the amount of strapping that
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ELECTROMAGNETI .ALLY

COUPLED CAVITIES

MAGNETIC FIELD FLUX LINES

CIRCLE AROUND CAVITY TEETH

CATHODE

A * CIOS-SECTIONAL VIEW OF MAGNETRON OSCILLATOR SHOWING ELECTROMASIETICALLY
COUPLED CAVITI ES.

___________TO NEXT

I. EQUIVALENT CIRCUIT OF ELECTRONASNETICALLY COUPLED CAVITIES.

t TO LOA1)

C. SINPLIFIES CIRCUIT FOR ELECTRICALLY IDENTICAL CAVITIES.

TO LOAD

CAPACITIVE SUSCEPTANCE OF OUTPUT

COUPLING SYSTEM (NOT SHOWN ABOVE)

D. EqUIVALENT CIRCUIT AT FREQUENCIES ABOVE THE RESONANT FREQUENCY

OF THE MANETIRON CAVITIES. x121,-1o8

Figure 3-10. Evolution of Equivalent Circuit for Magnetron
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is applied. If Jumpers with a large cross-section are used

between the teeth, heavy strapping results; if jumpers with

a small cross-section are useo, then light strapping occurs.

Figure 3-11 shows a typical magnetron with two straps, S

and T. Strap S connects vanes 2, 4, and all other even-

numbered vanes; strap T connects vanes 1, 3, and all other

odd-numbered vanes. The cross-sectional areas of S and T

are equal and determine the amount of strapping. In a

strapped magnetron, the excitation of modes other than the

n-mode would not normally occur if the impedance of the

modulator power supply (not to be confused with the rf

impedance) was well matched to that of the magnetron, so

as to hold the overshoot of the pulse voltage to a low

value. Often, the intirnal impedance of the modulator

is high enough so that its load line intersects the mag-

netron operating points for different modes of operation.

In such a case, the magnetron may mode. This condition

is illustrated on figure 3-i2. If the strapping rings are

cut in the appropriate places, the tendency of a magnetron

to mode is reduced or eliminated. The effect of cutting

the strapping rings varies. In most cases, the undesired

signal is eliminated; in somw cases only reduced. There

is no rule determining whirm to cut the straps; it is a

matter of experience. A summary of the undesired frequencies

generated by a magnetron Is given on figure 3-13. The

spectral density curve for a I Isec pulse having an amp-

litude of 10 to 15 kv Is extremely rich in harmonics,

covering the frequency spectrum from 14 kc to 1000 mc.

For example, timing in the radar Is dependent upon the

technique of energizing the rf oscillator (usually a

magnetron) with a short high-voltage pulse. The pulsing

procedure leads to interference generation. The approach

to the reduction of interferenca in the design of con-

ventional modulator circuitry is to reduce the harmonic
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Figure 3-11. Strapping in a Magnetron Tube
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WITH IMPROPER MODULATOR, MAGNETRON

MAY "'MODE'" AND OPERATE AT THIS POINT\ / IN JtYMODE

ff MODE

OPERATING POINT

LOAD LINE FOR MODULATOR

WITH PROPER DESIGN

LOAD LINE FOR MODULATOR

ij WITH IMPROPER DESIGN

NOTE:
WITH IMPROPER MODULATOR IMPEDANCE DESICM, THE LOAD LINE MAY

INTERSECT A MODE LINE OTHER THAN THE DESIREDWr MODE, AND

THE MAGNETRON MAY OSCILLATE AT THE CORRESPONDING 'MODE''

FREQUENCY. WITH PROPER MODULATOR DESIGN ONLY Wf MODE

OSCILLATIONS ARE EXCITED.

ANODE CURRENT IN1IM1-O00

Figure 3-12. Magnetron Voltage versus Current (Not to Scale)
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0 ONLY DESIRED SIGNAL.

-10 SPURIOUS OUTPUTS DUE

TO OTH 'MOOING' AND

C // SPURIOUS OSCILLATION

-20 HARMONIC OF
FUNDAMENTAL

FREQUENCY

30

HARMONICS OF

.-40 SPURIOUS OUTPUTS

-50 NF

FUNDAMENTAL 2ND HAWONIC 3 R" HARMONI C 4 TN HARMONIC

FREQUENiCY

NOTE:
FINE STPUCTURE REPRESENTING THE A MODULATION PRODUCTS FOR EAC1 OF THE ABOVE LINES
IS NOT SHOIN. INZ112-201

Figure 3-13. Typical Frequency Spectrum of Signals Generated
by a Magnetron Oscillator
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content of the output pulse. Sharp pulse shapes produce

more interference than do more rounded pulses. Where it
may be disadvantageous to destroy the pulse shape, it can

be modified as a compromise between powet output efficiency

and reduced interference. Major interference arises as

a resu, of the meLhod of modulating the magnetron in

radar equipment. Designs using grid modulation show

appreciable merit in the reouction of interference. This

technique eliminates the need for a high-voltage pulse

and thus reduces the level of :nterference. The low-power

grid-pulsing technique, used ;th grid-controlled mag-

netrons, produces some interierence problems; these prob-
lems can usually be .3ntrolled by standard shielding and

filtering techniques. Other advantages resulting from

the use of grid-pulse malnetron modulation are reduced

size, weight, an4 cost.

c. Klystrons.

(1) Description. A klystron amplifier may be considered as

having an Input cavity, intermediate cbvities, and an

output cavity all in a row with electron beam coupling.

The Input cavity serves to velocity-modulate the electron
beam and to couple rf energy into the beam. The inter-

mediate cavities and the output cavity absorb energy from

the space-charge-bunching of the electron beam, and then

remodulate the velocity of the beam. Yhe rf energy of

the output cavity is delivered to the output load by a

coupling iris in the cavity. The remaining, weakened
beam then travels nn ti the beam collector for dissipation.

(2) Harmonic generation. The degree of bunching of the

electron beam for the fundamentel frequency is a func-

tion of the distance from the input cavity to the col-

lector. The selected position of the output cavity

corresponds to the optimum bunching point for maximum
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transfer of energy to the zt'toit cavity an, load. 't a

possible for the input cavity,' to ociIlate .t a hirm,3ni.

of its fundamesntal frequency and thus bunch the beam at

a hiarmonic frequency. The spacing of the optimum poi ts

for the harmonic beam burches usually is nonlinear and

nonrepetitive fig. 3-1LL). When the drive signal str'.ýngth,

or beam distance from the cavicy, is changed, a change

of the relative magnitude and phase of the scond harmonic,

results. Points A and B of figure 3-14 indicate a gocd

design location for the second cavity of the klystrcn.

Determining a good location for the third cavity, graph-

ic•lly, is difficult because, at the position of the second

cavity, the velocity amplitude of the fundamental (and

probably of the other harmonics) changes. The change

occurs because the second cavity adds its velocity modu-

lation to that existing on the beam. It is possible to

choose a location for the output cavity that would reduce

coupling to the secoid harmonic frequency (and possibly

to the third harmonic) with only a small effect on the

fundamental frequency power output. Because the bunch-

ing action In the beam Is inherently nonlinear, it is

strongly dependent on the drive signal; hence optimum

positioning of the output cavity for low harmonic out-

put would be effective only over a narrow range of drive

level.

(3) Susceptibility of klystron oscillators to interference. The

signal-to-noise ratio In radar units can be affected by

several parameters; one of which is the klystron reflector.

The reflector is controlled either manually or by an afc

amplifier, so that the frequency difference between the

signal to bo received and the local oscillator frequency

falls within the bandpass of the if and afc amplifiers.

It is conceivable that an undesired radiated siqnal from

an external source could be picked up by the reflector's

3-32



INPUT CAVITY GAP DRIFT TUBE FIRST INTERMEDIATE

11 j•" ii CAVITY GAP

VARIABLE SPACE

(TO OPTIMIZE FUNDAMENTAL

AND REDUCE 2ND HARMONIC)

SFUNDAMENTAL

.d. 
SECOND HARMONIC

O0.6 - - II- ,, 
/ ' I I

'-0.4 \ \

0.2 p., t

0 90" 180" 270* 360* 450"

A

1.0. 4 FUNDAMENTAL

S/ 
/ 

/

SO.6 , , , I
0.46 % I g.....SECOND HARMONIC

A 

I

0o.2 

,

AXIAL DISTANCE ALONG

KLYSTRON DRIFT REGION

Figure 3-14. Velocities and Space Charge Density versus Axial
Distance Along Klystron Drift Region for a Rel-
atively Thin Beam

3-33



high impedance and cause the frequency of the klystron

to shift to such an extent that the desired heterodyne

signal would temporarily fall outside the bardpass of

the if and afc amplifier. Such an occurence would re-

sult in a loss of amplitude of the desired signal and

a detrimental phase shift: of the rf envelope. In addition,

spurious klystron frequencies, generated by interference,

c&.. mix with available ambient noise as well as with un-

desired signals to fall within the passband of the if

amplifier.

The generation of the side bands of local oscillators

can be explained in terms of modulation index, B, which

is defined as the frequency change, Af, divided by the

modulating frequency, F:

B (3-19)F"

The Bessel Function, (J), is a direct measure of relative

side band strength. Table 3-3 indicates how side bands

vary for values of 8 up to 5. For purpose of illustration,

assume a cw Interference signal of 2 volts amplitude, at

a frequency of 2 mc, measured at the klystron reflector.

if the sensitivity of the klystron reflector is 2 mc per

volt, this will yield a frequency shift, Af, of 4 mc.

Therefore:

6 2 (3-20)

Table 3-3 Indicates that for 8 - 2, the first and second

pair of side bands are greater than the amplitude of the

carrier. The effect of these extraneous side bands mix-

Ing with system rnoise is cmrstrable to an effective in-

crease In if bandwidth an. a Lacrease in sensitivity.

As shown in the preceding material, the tendency of a

klystron to produce spurious oscillations is somewhat less
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than that of a magnetron because of the nature of the

coupling between the cavity and output circuit. Figure

3-15 illustrates the output of a klystron transmitter.

Harmonic outputs are present at substantial power levels,

while nonharmonic, spurious outputs are virtually absent.

The harmonic suppression afforded by the output cavity

is sufficient to reduce the total harmonic power to roughly

35 db below the fundamental. The sweep voltage from the

pulse-forming network to the klystron reflector should be

carried by coaxial cable to reduce the possibility of radiated

interference. The klystron reflector itself is very sus-

ceptible to energy at frequencies that can result in fre-

quency modulation of the klystron and give rise to spurious

radiation. It is recommended that a small value of feed-

through capacitance (0.05 Azf) be shunted from the high-im-

pedance reflector input to, ground. Power supply leads

should also be decoupled at the klystron. A typical in-

stallation is shown on figure 3-16.

(4) Test of klystron amplifiers. Experimental measurements were

made on a four-cavity klystron, type VA 87-B. Figure 3-17

shows a plot of the total second harmonic power oLtput (the

sum of the modal powers that can propagate at the second her-

monic) for this tube when operated at a fixed frequency with

a varying bcam voltage level. At each voltage, such items

as the tuning procedures and drive level were thu same; and

the magnets were adjusted to focus the beam when an input

signal of 2.5 watts was applied. Figure 3-17 indicates

that, between the 100 kv and 90 kv levels, a change in

the second harmonic level of about 3 db occurs. As the

beam voltage is further reduced, another peak in second

harmonic power output Is observed. The normal operating

beam potential for this tube was chosen to be 90 kv, the

value giving the minimum second harmonic output. A second

test on this tube was made by leaving the beam voltage
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fixed and varying the drive frequency. Again/the tube

was adjusted using the same procedure at each frequency.

A plot of the results for this test is given on figure

3-18. Figure 3-18 shows a pattern similar to figure 3-17

in that the second harmonic power has a minimum value

near the center of the tuning range. The effect of the

output cavity on harmonic power may be illustrated by a

series of tests (fic. 3-19).

Ua) Low-power, high-gain tert (beam spreading). The tube

was synchronously tuned at 2750 mc and 90 kv beam volt-

age with cavities and beam focusing magnets adjusted

to 0.1 watt drive. Ther• the drive was increased to 0.25

watt giving an 0.8 megawatt output. Considerable beam

spreading occured since the magnets were adjusted below

saturation level. The total second harmonic power MeaStur (.d

in this test was 3 kw peak; or a bit less than 12 ,Jb

greater than the minimum value observed at this frequency

with optimum tuning.

Ub Low-power. high-gain test (no beanr spreadlng). The tube

was synchronously tuned at 2750 mc and 90 kv beam volt-

age, except that the magnets were adjus.ed at 0.45 watt

drive level, and the drive level was set at 0.45 watt

for the test. The beam did not spread, and the total

second harmonic measured 470 watts; or about 4 db great-

er then the optimum value.

(c) Overdriven case. The tube was tuned at 2750 mc with 90

kv voltage, but with a 70 watt drive signal overdriving

the tube. The power output at the fundamental was 1.4

megawatts peak. The second harmonic power was 11400 watts.
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Figure 3-19. Summary Chart, Klystron Second Harmonic Investigation

(d) Half-power, case 1. The tube was tuned at 2750 mc and

90 kv as In (c), with 70 watts drive. The drive signal

was then lowered until the fundamental output power was

0.7 nagawatts; or 3 db lower than in (c). This occurred

at 20 watts erlve. The second harmonic power totaled

1600 watts; not significantly different from case (c).
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(e) Half-power, case 2. The tube was tuned again as in (c),

but the drive signal was increased to 240 watts to reach

the second 3-db point on the overdriven side of the

power output curve. In this case, the total second har-

monic power level was 1.0 kw peak.

(f) Low-frequency overdriven case. The tube was tuned to

2700 mc with a beam voltage of 90 kv. At this frequency,

the tube, under normal drive and tuning conditions,

had a peak output at the Fcond harmonic of 1100 watts.

With normal tuning, but with the drive signal increased

to 70 watts, the fundamental power output was 1.4

megawatts, with a total peak power at the sccond harmonic

of 6 kw.

(cq) Field tests. Field tests indicate that harmonic frequencies

are present in rich abundance and at substarlial power

levels, but nonharmonic spurious frequencies are usually

absent. This is illustrated on figure 3-15 1 a plot

of the output of a typical klystron transmiuter.

d. Traveling-Wave Tube Amplifiers.

(1) Description. The traveling-wave tube, because of its peculiar

power-gain characteristics, can act as limiter to protect

sensitive succeeding stages. As Input pcwer to the tube in-

creases beyond the poir.t where power output is no longer

a linear function of the Input, the gain begins to decrease.

At very high input power, the tube becomes an attenuator,

with an attenuation value approaching that of its cold in-

sertion loss. Generally, TWT amplifiers are wide-band,

high-gain devices. Gains of approximately 30 to L40 db are

achieved for small signals. Saturation power output of

0 to 50 dbm Is obtained in the case of low-noise tubes.

Where wide-band operation is not required, amplification

of 60 to 70 db can be obtained. These high gains necessitate
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that care be taken so that power lines or other connections

do not introduce even weak interfering signals into the tube.

(2) Spurious frequency generation. The frequency (w) vcrsus

delay-per-unit-length (13) diagram for a delay line in a

typical traveling-wave tube is plotted on figure 3-20.

Figure 3-21 shows that the traveling-wave tube delay line

characteristic is similar to that of a band-pass filter,

a section of which is depicted on figure 3-22A. Figure

3--3 illustrates an arrangement where a band-pass structure

is considered as part of a traveling-wave tube. An electron

beam kiymbolically) and a series of filter sections in

tandem, with a coupling between each filter section, are

shown, The 9 versus frequency ciaracteristic for a section

of this filter is given on figure 3-228. A signal at the

cutoff frequency, fc' produces phase shift between each

filter section (or between each ýJ the electrodes that

the beam passes) of ni radians, where n - 1, 3, 5.....

The .umber n refers to the order of the space harmonic.

The operating lines of the traveling-wave tube are shown

on figure 3-24. These lines correspond to different values

of beam voltage applied to the tube. The normal range of

operation of the tube from this plot would be over the nearly

linear range from fI to f2 ; the range from f2 to the cutoff

frequency, fc, is unuseabie because the beam velocity would

have to be changed at each frequency to ach:eve synchronism

and amplification. The tube will not operate satisfactorily

at frequencies below fI for the same reason. The impedance

that the beam sees is the Impedance between points a and

b of figure 3-23. This Impedance (Z) versus frequency (w)

Is plotted on figure 3-25, with poles at both cutoff fre-

quencies. In pulsed applications (including high-power

radAr transmitters and scatter communication transmitters),

spurious frequencies may be generated. For example, with

a modulator pulse voltage of relatively slow rise time, as
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the pulse voltage rises, the line representing the velocity

vector of the beam voltage rotates clockwise and passes

through si,,eral points (fig. 3-24). As the line passes

through point P (which corresponds to the backward-wave

space harmonic) oscillations may occur; ý.hese, however,

can be absorbed in the attenuator. When the line reaches

point Q, the circuit impedance is very high, and slight

mismatches in the rf terminal impedances on the input and

output of the tube may cause oscillations to build up and

give rise to a spurious frequency output. One technique

used to reduce this spurious output is to increase the

rise and fall times of the modulator voltage pulse. If

this is done, overshoot shojId be avoided, or a low-frequency

spurious oscillation (such &s at point R) will be excited.

At the low-frequency cut,-off region, the delay-line cir-

cuit impedance is again high (fig. 3-25).

(3) Harmnnic frequency aeneration in traveling-wave tubes. It is

Important , obtain a relationship among the relative magni-

tudes of th,. frequency harmonics in traveling-wave tubes. For

a small input signal into a TWT, the power level in the second

harmonic Is proportional to the square of the Input signal;

and the power level of the third harmonic varies as the cube

of the Input signal. For a large Input signal, for example,

one near the saturation level:

C 3 Z.
1I max |e I z! I

where: Pn max - the maximum value of the power level in

the nth frequency harmonic

Cn - a gain parameter for the nth frequency

harmonic

Z - the beam Impedance for the nth frequencyn
harmonic
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r, = the radius of the helix divided b-, the

wave-length along the helix

The equation gives the relative power of the frequency har-

monic et the saturation gain point, providing the frequency

harmonic lies in a pass-band in the slow-wave output coupling

circuits. The relative magnitude of harmonic energy will

be small if the diameter of the electron beam is held small

in relationship to the diameter of the slow-wave circuit.

If a hollow beam were used, the harmonic energy would be

relatively large compared with a solid beam. Output

characteristics of a TWT amplifier are shown on figure 3-26.

e. Backward-Wave Tubes. Backward-wave tube assemblies require

an electromagneitc field for directing the electron beam. Two approaches

are used for generating this field: one uses a solenoid structure

axially aligned with the tube; the other uses a permanent magnet

structure. Depending upon the power involved, electromagnetic fields

vary in flux density over a wide range. Such fields cannot be com-

pletely contained within their operational area unless a low-reluctonce

path is provided for the return of the flux. This can be accomplished

by mounting the structure within a magnetically-shielded enclosure.

The shielding material must be of sufficient cross-section to carry

the flux without any possibility of approaching the saturation level.

Backward-wave tubes exhibit sensiLivity to magnetic fields. The un-

wanted Interfering fields can seriously affect the frequency stability

when the tube is used as an oscillator. The shield prevents entry of

external magnetic fields and contains the internally generated fields.

f. TR-ATR Tubes. Another source of Interference is the TR tube,

a cold-cathode gas tube associated with a resonant cavity, that functions

as a switch. In radar units, it short-circuits the receiver input by

ionizing during the transmit time. In most radar units, an ATR tube

is used with a TR tube. Both TR and ATR tubes usually require a

high keep-alive voltage to provide partial ionization between trans-

mit pulses. The lead supplying this voltage should be shielded and
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filtered at the tube. The capacity of the shielded lead will com-

bine with the current-limiting resistor, when the resistor is located

at the tube, to provide decoupling. When shielding is not provided

for the bias lead, pulse interference, at the pulse repetition rate,

may be induced in nearly wiring.

. Tube Suppression.

(I) A useful interference reduction design technique is to

use diodes to switch capacitors across tuned coaxial cavities,

thus detunina the cavities and desensitizing the receiver.

This action removes the need for such devices as relays or

TR tubes. The technique is simple and fast acting; it is

a quick and convenient way to modify a receiver that was

not originally designed with adequate front-end protection.

(2) Figures3-27 and 3-28 show a uhf receiver's front-end and

its protect;ve circuits. When a gate signal arrives, it

biases diodes DPD 2)2 and D03 in the forward direction, thus

switching capacitors CI and C2 across the tuning ends of

the rf preselector cavities, and C3 across the rf output

cavity. This action detunes the receiver input during the

des;red period. The diodes are type IN251. They have a

more than adequate switching speed and operate satisfactorily

in the uhf region; they also have, with an applied reverse

bias, a shunt capacitance of less then 0.8 pf. During normal

receiver operation, the diodes are biased in the reverse

lirection, and the low shunt capacitance permits tracking

of the preselector and the rf stage over the uhf band.

When a high-level signal arrives at the receiver input,

the diodes are biased In the forward direction, de-

sensitizing the receiver.
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(3) In the magnetron, klystron, and TWT, spurious frequency gen-

eration can be .,in~mized by proper shaping of the leading

and trailing edges of the voltage pulse. In some klystron

tubes, the generation of splatter (undesirad signals adjacent

to the main signal) can be reduced by designing the tubes so

that the control grid voltage pulse crosses thle zero bias

level slowly (when compared with the total rise time). This

presumes a beam pulse width longer than the rf pulse width.

Because driving sources used for klystrons and TWT amplifiers

generate not only a desired driving signal but also un-

desired signals, it is Important to filter the output lead

to reduce the unwanted signals in the system output. The

total energy output at a given harmonic frequency can be

reduced by the simple addition of a coaxial harmonic filter

in the output of the high-power klystron amplifier.
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(4) By using an unusually strong magnetic field to focus the

electron beam of a standard traveling-wave tube, the ter-

minal noise figure has experimentally been lowered to

1.0 db. This state-of-the-art technique has provided the

lowest noise figure ever achieved for a microwave tube.

The 1.C db figure was obtained by focussing the 1.07

tLa beam with a field of 4500 oersteds. The tube operated

at 2.6 gc. The nigh magnetic field dampened both shot

and thermal noise.

(5) One of the methods for reduction of undesired energy in

microwave tubes is the employment of integral filtering

within the vacuum envelope ofMhe tube. The filtaring

can accomplish two objectives at the same time: it can

minimize unwanted signal generation and reduce the amount

of harmonic erergy incident upon the vacuum winoow, which

increases window life.

(6) A series of measurements was made on a QK-338 magnetron

to determine its loaded Q as a function of frequency.

The intent was to replace the existing waveguide trans-

form.e between the tube output Iris and the windo% with

a filter. To do this, it Is necessary that the pass-band

Image transfer function, and the Impedances of the filter

and the transformer be as nearly alike as practical. A

corruguated waveguids filter was used. This filter is

shown on figure 3-29; Its characteristics are plotted on

figure 3-30. Without the filter, the loaded Q (QL ) was

132 at the tube resonant frequency of 2789 mc; the VSWR

looking Into the tube was 17:1. Upon inserting the filter

and a variable length Insert (to change the insertion

phase angle), the 1L and VSWR were recorded as the filter

length was changed (fig. 3-31). From table 3-4 It can

be seen that the filter was nearly the optimum length with-

out the Insert.
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Figure 3-31. QK-338 Magnetron Modified with Harmonic Filter
Transformer Section

TABLE 3-4. SUMMARY OF RESULTS ON QK-338 MAGNETRON AND FILTER

Item under Test Fo QL VSWR

Tube only, OK-338 2789 mc 132 17

Filter and 1.089-inch Insert 2717 mc 20 1.5

Filter and 0.128-inch Insert 2766 mc 150 8

Filter and 0.089-Inch Insert 2772 mc 145 9

Filter and no Insert 2794 mc 125 14

h. Summary. Magnetrcns generate three types of unwanted signals:

moding oscillations, spurious frequency cscillations, and harmonic

oscillations. Moding oscillation is minimized by proper matching of

the magnetron video Impedance to that of the modulator, and proper

design of the magnetron strapping. When the spurious oscillations

in a particular tube type are Identified and their cause is determined,

they can be reduced to a negligible level by proper design of the

magnetron. Klystrons and traveling-wave tubes require careful matching
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of the Impedances between the tube and power supply to minimize un-

desired signals. Careful control of the modulation pulse envelope

(the rise time should be fast - much faster than that of a magnetron)

can reduce splatter generation. In general, a filter that is an

integral part of a magnetron can be designed to reduce the harmonic

frequency generation by an additional 30 db below the level without

the filter. This filter could replace the existing transformer

section with only a negligible enlargement of the tube.

3-5. Spmiconductor Devices

a. General. Small size, iow weight and volume, and eliminatior

of the temperature rise associated with vacuum tuýes are among the

principal reeasons for the increased use of diodes, transistors, and

other semiconductor devices.

b. Thermistors.

(1) Posizive temperature-coefficient thermistors can be used

for arc interference reduction, and to protect semiconductors

against hich-voltage transients. This ability stems from

the sharp change in resistance of the thermistor within

a relatively small temperature range. It is limited to

relatively slow-cycling applications because of the time

required for heating and cooling.

(2) The characteristics of a typical positive temperature-co-

efficient thermistor are given on figure 3-32. A simple

application for arc interference reduction in a conventional

switching circuit ;s shown on figure 3-33. If the thermistor

were not in this circuit, the full 120 volts would appear

across the s.itch contacts at the instant of opening. The

resultant high-volt..ge gradient could cause arcing. If

the load were inductive, the voltagc across the contacts

would be increased by L (di/dt) so that:
V + il

V - Vs+ L() (3-22)
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where: V - the voltage ac,"nss the contacts

Vs - the source voltage

(3) In the circuit on figure 3-33, the thermistor dissipates

negligible power when the switch is closed. If the

ambient temperature is 25C and the thermistor has

stabilized at this value, its resistance (fig. 3-32)

would be about 50 ohms. If the switch is then opened

to a purely resistive load, the voltage across its con-

tacts would be:

vc M IR° = o,-s- R o = sTo 1+ 001 50
V( R 5 (3-23)

- 0.218 x 50 - 10.9 volts

where Rf - thermistor resistance, and RL - load resistance.

This initial low voltage would prevent arcing or reduce it

to a negligible level.

(4) Figure 3-34 shows a circuit in which the switching is done

by driving a transistor from the saturated to cutoff state.

A thermistor Is used to reduce voltage transients between

the emitter and collector, and to permit a slow transfer

from the saturation state to the cutoff state without excess

heat i ng.

(5) Figure 3-35 illustrates how the 1-watt thermistor-protected

transistor of figure 3-34 compares to a 10-watt transistor

without a thermistor. The arrows Indicate the transfer

direction from saturation to cutoff. The area under each

power curve represents the safe operating range for trans-

istors of that particular wattage rating. The diagram shows

that a 1-watt thermistor-protected transistor can be used

Instead of a 10-watt unprotected transistor. This diagram

is applicable to transistors with ritings of VCE and V -

120 volts, I - 250 me, and PC a I watt or 10 watts, for
the protected and unprotected cases, respectively.
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Figure 3-35. Transistor Switching Characteristics
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(6) If the load were also Inductive (rather than purely re-

sistivc), at the instant of circuit opening, the current

could not change immediately, and the original current

would continue to flow through the load and through the

thermistor. Again. with 500-ohms resistance and an un-

specified inductance, this original current is:

10 U Vs/RAL 120/500 - 0.24 amps (3-24)

The voltage across the switch contacts (or semiconductor

terminals) at the instant of circuit opening is:

Vc a I 0 0.24 x 50 - 12 volts (3-25)

Thus, the value of inductance does not appreciably affect

the opening voltage, only Its duration.

Transistors.

(1) Noise. In addition to power at the signal frequency, the

output of a transistor stage contains spurioL, power at all

other frequencies. This spurious power Is noise. A portion

of this noise is Introduced into the input stage from the

source. Other noise arises from drift and diffusion currents

through both the pn Junctions and the bulk of the semiconduct-

or. Noise, or random current fluctuations, arise due to

the particle, or granular, nature of the current flow. Most

transistor noise is attributed to:

(a) Diffusion fluctuations of the minority carriers

after crossing a Junction

(b) Recombination fluctuations In the base region

(c) Thermal (Johnson) noise in the base resistance
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(2) Transistor noise figure. The noise figure of a transistor

is defined as:

F - S=/N (3-26)

where Si/Ni is the signal-to-noise power ratio at the
input, and SO/No is the signal-to-noise power ratio at

the output. For n cascaded transistor stages, the noise

,.,$ure becomes:

F12- I F nFT FI G + + .... + GG 2  G (3-27)

where: FT -total overall noise figure
Fn noise figure of the nth stage

Gn - available gain of the nth stage

As can be seen from equation 3-27, the gain and noise figure

of the first stage in a cascaded amplifier largely determine

the overall noise figure.

(3) Transistor noise model. The small-signal ",r equivalent

circuit of the transistor (figure 3-36) shows the three

major sources of transistor noise. This transistor noise

model is valid for frequencies less than fez (the (X-cutoff

frequency) and greater than 1000 cycles. The mathematical

representatic is of these three noise sources are:

12- 2e 1 B (3-28)

where: i 2 = emitter noise source

i- dc emitter' current

e - charge on one electron

B - effective noise bandwidth of the system
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Figure 3-36. Transistor Noise Model, 11CC <f a~

2- 2e 1  - (3-29)

p a

where: I2 - noise toem In the collector circuit (due to

recombination fluctuations in the base) giv-

ing rise to additional noise fluctuations in

the collector circuit

cI dc collector current

CIO - short-circuit current gain at low frequencies

a- 0
I + Jr/f1

Equation 3-29 is valid when Ic << I (I - a O
co c 0

where: I - collector current with zero emitter current

b b 4 kTrbB (3-30)
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m2

where: eb M thermal noise term due to base spreading resistance rb

k - Boltzman's constant

T - temperature (*K)
F

Experimental results are in good agreement with the three-major-
source equivalent transistor noise model. Actual results

show a slightly higher noise figure which indicates that

there are other noise sources in addition to those con-

sidered here, but that their contribution is small.

(4) Variation of transistor noise with circuit paramters. The

noise figure is a function of (a) frequency, (b) source re-

sistance, (c) emitter current and (d) collector voltage.

(a) Noise figure as a function of frequency. A typical

experimental noise figure curve as a function of fre-

quency ;s sCion on figure 3-37. At low frequencies

(typicaily bmlow ! ke) the noise figure, F, rises at

a rate of 3 db/octave, or functionally as I/f. This

type of noise differs from shot and thermal noise which

have a flat frequency spectrum. Originally, it was

the predominant noise term in transistors, and arose

from inhomogeneitles in manufacture. More refined methods

of design and manufacture have reduced this effect to

very low frequencies so that its contribution to the

overall noise generation can be assumed negligible over

the ordinary range of transistor operation.

At frequencies above I kc, the noise figure of the

transistor can be accounted for by the incremental model

Incorporating the thres sources of noise previously

mentioned. This noise figure may range from 2 to 6 db

and is constant up to a frequency of fo 1" -o (fa is
the a-cutoff frequency, a is the short-circuit current

gain). Above this frequency, the noise figure rises at

6 db/octave, which is accounted for in the noise model
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by following the usual transistor analysis of letting a

vary as a0o/(1 + jf/f

F(db)

EXCESS OR 1/f NOISE

IS I
I I

I I I

2 2TO 6db I I

f
SOT N I S I

I AI I

Figure 3-37. Transistor Noise Figure vF Frequency

(b) Noise figure as a function of source generator resistance..

The noise figure Is a function of the source generator

resistance, and possesses an optimum value. The typical

variation of noise figure, F, with source resistance,

F is shown on figure 3-38. The optimum value of Rn for the

common base configurat is o sgiven by:o

resitanc, an optsese 1-otmm au.Th yi

f ( Zrbre rA r rb (3-31)"S opt b1 I• - ' < fo a'-%o( '
where re is the emitter resistance and the other symbols

have the same meanings as in the previous discussions.
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Figure 3-38. Typical Dependence of Transistor Noise Figure
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This optimum value of Rs is not critical as shown by the

curve of- figure 3-38. A typical noise figure may change

by only 0.5 db for a vAriation in Rs of from one-half to

twice the optimum value; and may change by only 2.5 db

over a range from 1/5 to 5 times the optimum value.

(c) Noise figure as a function of emitter current. To keep

the noise figure as low as possible, the emitter curlent,

Ie, must be kept as low as possible. The lowest practical

value for Ie is typically of the order of 0.3 ma. When

is, smaller than this value, short-circuit current

gain (a%) begin.; to decrease. The cc should be as close

to unity as possible in order to decrease recombination

fluctuations. Figure 3-39 shows a typical examplc of

the relationship between emitter current and transistor

noise figure.

(d) Noise figure as a function of collector voltage. A high

value of collector voltage increases the trans.stor

figure. As shown on figure 3-40, the noise figure of a

typical transistor remains constant as the collector volt-

age Increases until, at about 10 volts, it begins to rise

sharply.

(e) Other factors Influencing the noise figure. The noise

figure is approximately the same for all three transistor

configurations (common-base, common-mitter, common-collector).

For mininium noise figure, o should be close to unity, fc

should be high, and rb should be small.

(5) Interference. Wheen analyzing Interference in transistor

circuits, It is convenient, as with vacuum-tube circuits,

to evaluate it In terms of small-signal and large-signal

responses. Under small-signal optration, it is relatively

safe to assume linear operation. Interference responses

under these conditions are common In communications-type
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circuits. They Include Images, spurious, harmonic and if
responses. Signals that are large compared to the normal

signal levels for which communication circuits are designed

frequently drive these circuits into non-linear regions.

Such non-linear operation gives rise to spurious interference

responses that would not otherwise occur. Interference re-

sponses such as cross-modulation, intermodulation, desen-

sitization, and blocking occur under non-linear operation.

(6) Cross-Modulation.

(a) Non-linear characteristica of transistors may cause cross-

modulation in high-frequency amplifiers exactly as do the

non-linear characteristics of vacuum tubes. There is a

marked difference in behavior of alloy junction and drift

transistors with respect to cross-modulation. At fre-

quencies below about I mc, this difference in behavior

is caused bV the difference In base resistance. At higher

frequencies, the diffusion capacitance must be considered,

but the base resistance still remains Important.

(b) The cross-modulation characteristic in transistors, as

In va-,um tubes, can be described by the rms value of

an Interfering signal, Ve , with modulation Index, m, that

produces a cross-,rodulation index of I per cent. For

transistors, It can be shown that:

0.I(VT + Itla) 2(

v v T* " 2 1 (3-32)

where VT a kT/e (about 26 my at 23*C), k is the Boltzmenn

constant (1.380 x 10"23 joule/deg K), T the temperature

in *K, e the energy associated with I electron volt (1.602 x

10"19 joule), and Ia is the base current in mperes. In

this equation, the value of fIt must include any significant

output resistance of the source. Curves showing typical
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values of Ve as a function of the base current are plotted

in figure 3-41. Of particular interest is that value of

base current at which Va is infinite: (I1 - VT/2R8 ).

(c) For drift transistors, the value of base current that

causes Ve to be infinite is approximately one decade

higher than the value for the alloy junction transistor.

The discussion can be related to collector current by

using the current gain factor, 1 - I E/IB On figure 3-42

and 3-43, the value Ve (100 per-cent modulated) necessary

to produce one per-cent cross-modulation index is shown

as a function of base resistance with 0 as a parameter.

d. Diodes. Semiconductor diodes can generate broad-band inter-

ference over a wide frequency range. A diode is incapable of instan-

taneously switching from the conducting state to the nonconducting

stage. When a diode, that has been passing a forward current, is

suddenly biased in the reversed direction, current carriers in tran-

sit through the semiconductor material are trapped and must suddenly

reverse their direction of flow in the circuit. This occurs at the

time and point that the applied voltage goes through the zero reference.

The result is a sharp surge of reverse current through the diode and

the load. This process of switching, or reversing, results in the

generation of Interference. In general, the magnitude and frequency

spectra of this Interference are functions of both the diode's tran-

sient characteristics and the load.

(1) Interference in descending amounts is produced by silicon

diodes, selenium rectifiers, and vacuum tubes. Similarly,

in descending order, Interference Is produced in frequency

conversion and by Inverters, rectifiers, and dc transformers.

(2) There are no specific rules for the reduction of diode inter-

ference. In general, diode interferehce can be greatly

minimized or avoided by careful diode selection in accordance

with the following rules:
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Figure 3-41. 100% Modulated Interfering Signal Necessary to
Produce a Cross Modulation Index of 1%

(a) Select a diode that wili operate at the lowest

current density in proportion to the manufacturer's

maximum current rating

(b) Select a diode with the hiqhest working and peak

inverse voltage ratings, so that they will never

be exceeded

(c) Use the lowest possible diode switching rate. In

most applications, the severity of interference is

a direct function of the switching rate: the faster

the diode switches, the worse the interference

becomes
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(3) Because of the number and variety of diode types and their
applications, it is often advantageous to determine by in-

terference tests which are the best diodes available for
a particular application. Such tests can save consider-

able cost in time and equipment and can result in reduced

size and weight. When reducing diode-generated interference,

any filter components or networks that are used will have

maximum effectiveness if they are physically applied

directly at the diode. In many cases, a complete unit is

designed by packaging the diodes and associated filter

networks in a single metallic container. This method is

part!cularly important in applications where space is

limited. Such practice lends itself most readily to de-

signs where small current diodes are involved. The single-

unit (diodes plus filters) design prevents the diodes and

their wiring from conducting or radiating rf voltages to
adjacent circuits.

(4) Typical interference reduction measures are shown in figures
3-44 and 3-45. For 60-cycle applications, the inductance,

L, is usually between 100 and 300 4hl while for 400-cycle

applications, it may be between 250 and 750 gh. The cir-

cuit in figure 3-44LA reduces interference by controlling

the transient current; the circuits in figures 3-448 and
3-44C employ filtering. The circuit in figure 3-44C is

generally used at higher line frequencies and when greater

attenuation is needed than that afforded by inductors alone.

(5) A capacitor across the output of a bridge circuit is

effective in reducing both ripple and interference. For

60-cycle applications, a capacitor of from 0.1 to 0.5 0f

can be used. When the dc output from the bridge circuit

exceeds one amp, a power-line filter configuration should

be used for reducing both ripple and interference. A

typical circuit is shown on figure 3-45A. The L-type

filter is formed by CI and L; C2 represents a high value
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of caRacitance such as that normally used for ripple

filtering. The inductor limits surge current to C2 and

the load by acting as a reactance voltage divider. If

power and heat dissipation can be tolerated, resistors

of the order of I to 10 ohms may be inserted in the bridge,

as shown on figure 3-458. These resistors limit the

magnitude of switching and rf transients. The capacitors

shown on figure 3-45C bypass rf currents to ground. In

60-cycle bridge networks, the resistors alone are usually

sufficient for interference .control. For 4OO-cycle appli-

cation3, capacitors of 0.05 to 0.25 Af will effectively

bypass rf currents.

e. Zener Diodes.

(I) If a Zener diode is biased in the forward direction (positive

to anode), considerable current will flow when the barrier

potential is exceeded (fig. 3-46). When a source of low

voltage Is applied to the diode in the reverse direction

(positive to cathode), the Junction back-resistance re-

mains quite high, and junction current is of the order of

several ga. As the reverse potential is increased, the

Junction reaches a critical point, and the diode avalanches.

This breakdown is not destructive as long as the diode's

dissipation capabilities are not exceeded; the device may

be cycled in and out of this region as often as necessary.

When avalanche breakdown Is reached, the normally high back-

resistance drops to a low value; and the junction current

increases rapidly, limited principally by circuit resistance.

As the voltage is Increased beyond the breakdown point,

the diode current Increases proportionately, but the junction

voltage remains essentially constant.
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Figure 3-46. Current and Voltage Characteristics for a Typical Zener
Diode Regulator

(2) Whenever electric power to irductive devices is controlled

by contacts that initiate and interrupt the flow of current,

the problem arises of protecting the contacts from erosion

and reducing both inductive voltage and Interference. Thera

problems are present in both #ýc anJ dc circuitry. Particular

consideration should be given to transistor circuits. Ex-

cessive potentials can destroy the transistor junctions.

Zener diodes are used in manual as well as transistor switch-

ing circuits for reducing excessive potentials. When a

switch In an inductive circuit is opened, the magnetic fiel•

in the coil collapses, and a voltage is g.ierated equal to

L di/dt (where L is the coil inductance and di/dt is the
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time rate of change of the decay current). This volt-

age is frequently many times larger than the supply volt-

a%,e and is sufficient to maintain an arc across the open-

ing switch contacts. Repeated arcing causes erosion,

pitting, and general physical deteriorat*on of the con-

tacts and results in high-contact resistance, increased

maintenance, and most important, generation of inter-

ference. To obtain maximum contact protection with

optimum circuit operation, it is necessary to design the

proper interference reduction circuit (fig. 3-47) and

to specify the proper type and rating of the semiconductor

device. For all ac circuits, the circuit design of figure

3-47C is necessary since voltages of both polarities are

involved. In some applications, a delay in drop-out

time of a relay or contactor may be advantageous. The

duration of this delay can be controlled by using the

circuit of figure 3-47B with a variable resistor.

f. Tunnel Diodes.

(1) The tunnel diode is a heavily doped semiconductor junction

that exhibits negative resistance current-voltage character-

istics when the diode is biased positively in a range from

approximately 50. 300 my. The tunnel diode presents some

difficulties In use. Its low negative resistance character-

istic makes it difficult to provide a dc biasing supply of

low enough impedance. This poses a problem in reducing

parasitics in the external circuitry. The gain of a tunnel-

diode amplifier is also a marked function of load conductance.

A change of I per-cent in the load conductance produces a

30 per-cent change in resonant gain. Measurements on such

circuits sbould introduce as little additional conductance

as oossible.
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(2) Because the tunnel diode has high conductance, it can be

operated at kmc frequenciAs only if the associated cir-

cuitry has a low series impedance. Pigtail connections

to the device arm to be avoided because the lead inductance

becomes excessive. A standard crystal cartridge, normally

used for silicon diodes, has Ioo much inductance for a

tunnel diode.

(3) Some complex interference problems were found in project

"Lightening", a 1 kmc tunnel diode computer using dis-

crete miniature component circuitry. The extremely high-

speed operation, with semiconductor devices and reduced

size of equipment, made the design very difficult.

Threa main problem areas arose from high-speed operation:

(a) Delays due to wire length were significant and

required optimum location of components

(b) Signal waveform distortion was greatly increased

(c) Signal crosstalk became sufficiently large to re-

quire shielding of a large part of the wiring. One-

type of shielding was accomplished by using a channel

wiring assembly; the wires, already covered b/ insula-

tion, were placed in slots. The surfaces of these

slots wera metal-plated, and the resulting configura-

tion was virtually a coaxial transmission line.

The circuits were placed on wafers, and the wafers

were placed in a holder (fig. 3-48).

A large part of the interference problem was due to conimon

ground retturn paths. Designing to isolate the ground re-

turn paths as completely as possible reduced the coupling

to an acceptable level and permitted the desired operat-

ing speed to be approached.
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Figure 3-48. Wafer Interconnection with Transmission Lines

j. Silicon-Controlled Rectifiers.

(I) General. The inherently regenerative turning-on action of

silicon-controlled rectifiers (SCR's) causes them to switch

very rapidly and tends to shock-excite supply lines. Fast

rates of rise of current can cause voltages to be induced

across the distributed inductances of a supply line. in

the presence of distributed line capacitance, this action

causes a redistribution of charge on the line. Generally,

the redistribution of charge will be oscillatory at a

fundamental frequency determined by the parameters of the

supply lirn. For most common types of power distribution

lines, the fundamental frequency is usually between 0.250

mc and 2 mc. An SCR may be considered as a generator, pro-

ducing high-frequency voltages that can give rise to inter-

ference, or act upon other SCR circuits. When acted upon
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by line disturbances, an SCR circuit may be considered

as a receiver that is sensitive to high-frequency volt-

ages. Generally, these voltages act upon the anode of

the device directly; or find their way into the trigger

circuit and cause the SCR to fire spuriously,

(2) Interference reduction design procedures. There are two

possible cases of ground circuitry configuration to con-

sider in SCR operation. In one case an rf ground is not

available at the equipment that houses the SCR; for ex-

ample, in most residential wiring. The other case is where

an rf ground is readily available: for example, a military

power supply may be self-contained in a metal enclosure

mounted in a metallic rack. Such a large expanse of metal

can be considered an effective rf ground.

(3) Conducted interference. When swit:hing speed is not critical,

the basic approach in designing interference reduction for

SCR circuitry is to localize and contairi the inital high rate

of rise of current tc, as small a section of the circuit

as possible. This can be done by placement of small in-

ductances In the cir:ult between which this high rate of

rise current is to be localized. Generally, a return path

must be furnished for the high-frequency component of this

current. A small noninductive capacitor will provide this

return path. Figure 3-4 9 shows a good interference reduction

design approach for a system that does not have an rf ground

accessible. Figure 3-50 shows an approach fcr the system

In which an rf ground is accessible. The valies of the com-

ponents to be used depend' uoon the amount of interference

reduction desired, the nature of the supply line, the lay-

out of the circuit, the nature of the load, and generally1

the power level of the circuit. In a conventional 117-volt

ac supply lne, with a load under I kw, the following values

have been found to yield good results: L - 60 l.&h aiid C - 0.01 1jf.
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The inductance need be in the circuit for only the few

microseconds of the turn-on switching interval. For this

reason, the size of the inductance, even in nigh-capacity

circuits, will be small since it is allowed to saturate

after the turn-on interval. The nature of operation of

the SCR is relatively unimportant in connection with the

generation of interference. The same general considerations,

in designing for reduced interference, are equally valid

whether the SCR is used in a phase-controlled system or

in an inverter or chopper system.

(4) Interaction. The SCR system acts as a receiver of any

voltage transients generated elsewhere in the circuit.

These transients can act on either or both the trigger

circuit for the SCR or the anode of the SCR in the main

power circuit. Interaction causes the SCR system acted

upon to follow or track, completely or partially, another

SCR system. In addition, various types of partial turn-on,

depending on the nature of the trigger circuits, may occu-r.

The elimination of interaction phenomena must take total

circuit layout into consideration. When an SCR circuit

is acted upon with its gate circuit disconnected (open

or terminated gate), the Interaction is usually attributable

to the rate of rise of forward voltage. When energizing

the circuit, such as by a contact or circuit breaker,

applicable rate of rise of forward voltage specifications

for the device must be met. Once the circuit is energized,

the SCR will sometimes respond to high frequencies superposed

on its anode supply voltage. Applicable specifications for

the SCR must meet this condition, or steps taken to attenuate

the rate of the voltage rise. Because of the nature of

anode circuit interaction, it is unlikely that an SCR will

track another SCR circuit over the full phase control range.

It will usually lock-in over a very limited range near the

top of the applied anode voltage half-cycle where its sen-
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sitivity to rate of voltage rise is greatest. The best

way to. reduce this type of interaction is either to in-

crease the capability of the SCR to withstand the rate of

voltage rise, or reduce the rate of rise of positive anode

voltage. Negative gate bias, a smali capacitor (not over

0.1 Af) connected directly across the SCR, resistor-capacitor

network elsewhere in the circuit, or a combination of

these three measures is recommended. When using capacitors

for transient reduction work, only low-inductance capacitors

with very short lead lengths should be used.

(5) Radiated interference reduction design. Good electrostatic

shielding Is the best approach to reduce radiated interference;

the high rate of rise of current should be confined to as

small a volume as practical. The dashed lines on figures

3-49 and 3-50 Indicate the volume of the circuit that must

be enclosed within shielding. The shielding is ther brought

to a solid rf ground.

(6) Interfere.ice on trigger cirruits. The unijunction transistor

(UJT) is an Ideal device for use In firing circuits of SCR's

because of its stable firing voltage, low firing current, and

wide operating temperature range. SCR firing circuits using

UJT's are simple and compact, with low power consumption and

high effective power gain in phase-control circuits. in

addition to good design practice in the entire SCR circuit

configuration, as well as In the triggering circuits, the

following steps for Interference decoupling can be taken

when UJT's are employed in the SCR's trigger circuit. There

are two rmajor types of Interaction that can act on a trigger

circuit: Interaction directly from a supply ;ine and inter-

action from an SCR gate circuit. Both of thee may cause

the trigger circuit to fire prematurely and give rise either

to spurious firing or complete or partial tracking of the
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SCR's in the circuit. The response of the trigger circuit

to incoming trarsients determines the degree of interaction.

(a) Decoupling the UJT circuit from supply transients. Either

ore or a combination of the following suppression devices
will give effective interference decoupling aga;nst line

voltage transients acting on the IJJT firing circuit:

1) Control (isolation) transformer with an rf filter

across i ts secondary

2) Boot-strap capacitor between base two and th•

emitter of the UJT

3) Thyrector diode across the supply to the unijunction

circuit

The value of the boot-strap capac!tor C1 (fig. 3-51A)

should be .hoson so that the voltage divider ratio of

CI and C2 is approximately equal to n, the intrinsic

standoff ratio of :he UJT:

Cl
n - Cl +C (3-33)
n C I+C2

If this condition is met, neither positive nor negative

transients on the unijunction supply voltage will fire

the UJT.

(b) Decoupling UJT circuits against SCR gate transients.
Negative voltage transients, appearing between the gate and
cathode of the SCR's, can cause erratic firing wl-tn trans-

mitted to the UJT. When transformer coupling i used, these
transients can be eliminated by using a diode bridge in

the gate circuit of the SCR (fig. 3-51B). Negative tran-
sients often arise in SCR gate circuits, in impulse-

commutated circuits, and, under certain conditions, in
ac phase-control circuits.

3-86



L+
Cl

C2

A. POWER SUPPLY B. TRANSIENTS FROM SILICON-COUTR@LLED
TRANSIENTS RECTIFIER GATE CIRCUITS

Dh1212-24O

Figure 3-51. Circuits for Decoupling of Unijunction Transistor
from Voltage Transients

(7) Good design ipractIces to minimize sources of SCR Interaction.

A combination of good system desigrn practices, good circuit

layout, good equipment layout, and, If necessary, a smell

amount of circuit filtering, will usually suppress inter-

ference to acceptable levels and eliminate various types of

interaction phenomena. The following system considerations

are recommended:

I) Operate parallel and potentially Interacting SCR

circuits from a stiff (low-reactance) supply line

2) If supply line Is soft (hign-reactance), consider

using separate transformers to feed the parallel

SCR branch circuits. Each transformer should be

rated at no more than the required rating of the

branch-ci rcui t load
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31 Avoid purely resistive loads operating from stiff

lines; they give highest rates of current rise on

switching

4) Keep both leads of a power circuit wirinn run to-

gether; avoid loops that encircle sensitive control

circuitry

5) Arrange magnetic components to avoid interacting

stray fields
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Section II. FILTERS, CAPACITORS, AND INDUCTORS

3-6. Filters

a. Filters are combinations of circuit components designed to pass

currents at certain frequenchas and to attenuate currents at other

frequencies. They utilize the resonance characteristics of series and

parallel combinations of inductance and capacitance. These reactances

reduce interfer ice by introducing a high impedance in series with the

interference currents and/or shunting interference currents to ground

through a low Impedance. Figure 3-52 shows the attenuation-frequency

curves for four common types of filters and figure 3-53 shows typical

filter arrangements.

b. The most common tyr-s of inter.erence filters are the L-section,

the T-section, 3nd the it-section. The i-type filter is the most widely

used because it provides greater attenuation than do the L- and T-types

for only a small increase in size. All of the filters shown on figure

3-54 are low-pass filters. To convert them to high-pass filters, all

of the L's are replaced by C's, and all of the C's are replaced by L's.

(1) The insertion loss, a, for the filters of figure 3-54 may be

calculated from the following equations:

Insertion loss a - 20 log 0  [ (3-34)

where: EI - load voltage without filter in the circuit

E 2 load voltage with filter in the circuit

(2) For the L-type filter of figure 3-54A:

Let RI - RL a R

[-a 2 LC) 2 + (ag:R + %aL)2 1
Insertion loss- IC log10  4 (3"-5)
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(3) For the x-type filter of figure 3-54B:

Let R I R - R

10(0 2 ý 3C2 2
Insertion loss - 10 lOgio [( - w2 LC) 2 + - + cC) (3-36)

(4) For the T-type filter of figure 3-54C:

Let R- ft -mR

Insertion loss - I0 og0 (I -
2 LC) 2 +R_ - +2  (3-37)

3-7. Filter Characteristics

,a. Ratinas. Filters are usually Inserted in a circuit so that all

circuit eneragy passes through the*; they must therefore perform their

functions without impairing normal circuit operation. Filters are gen-

erally rated in terms of the voltage and current parameters of the cir-

cuit in which they operate.

b. Attenuation and Insertion Loss,

(1) Attenuation and the frequency range of attenuation are the

primary characteristics that determine filter sultabil!ty

for Interference reduction. If a selected filter does not

provide the~mnImum attenuation required in the stop-band,

it Is not satisfactory, regardless of its other character-

Istics. Figure 3-55 illustrates a typical attenuation-versus-

frequency curve for a power-line filter. The attenuation of

the filter Is expressed as the ratio of the filter Input-

voltage to the filter output voltage, measured under normal

circuit conditions:

Attenuation (db) =20 log10 j j (3-38)
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Figure 3-55. Attenuation vs Frequency for a Power Line Filter

where: E, - voltage across filter input terminals

E2 - voltage across filter output terminals

(2) The attenuation figure, however, does not take into con-

sideration the source and load impedances and, therefore,

does not represent # true Indication of the suppression

effectiveness of a filter. The use of the insertion loss

criteria Is a far more realistic measure of a filter's

effectiveness, as it is a function of both source and

load impedances as well as a function of the filter

network Itself.

(3) In their filter catalogs, most filter manufacturers quote

values of Insertion loss (the ratio of voltages at a given

frequency appearing across the load terminals before and

after the filter is Inserted into a circuit):

Insertion loss (db) - a u 20 0log1 j (-9
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where: E2 w load voltage with tke filter ;n the circuit

E3 - load voltage without the filter in the circuit

Insertion loss is usually quoted by manufacturers for a

50-ohm system. If the circuit to be filtered does not

have both a 50-ohm input and output impedance, the in-

sertion lost; will differ from the catalog value. In

these cases it is advisable to use matching networks to

make the system 50 ohms.

c. Filter Considerations. The following characteristics are

common to ell filter installations and should be carefully considered

in filter selection:

1) Voltage rating of the circuit in which the filter is

to be inserted

2) Maximum current that will pass through the filter

3) Duty cycle of the filter; this applies to the

decreased load current of Intermittent operation

4) Operating frequency of the circuit and the frequencies

to be filtered

5) Voltage drop that can be tolerated at the operating

frequency

6) Maximum ambient temperature at which the filter must

operate

7) Attenuation-required of the filter for adequate Inter-

fere.ice reduction

8) Minimum filter life -- the number of hours a unit will

operate satisfactorily under rated conditions and at

maximum ambient temperature

9) Circuit requirements such as minimum (or maximum) capac-
itance or Insulation resistance:
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a) Voltage and current ratings required of a filter,

unless otherwise specified, are the maximum allow*

able for continuous operation. Any filter will

perform satisfactorily when operated below its

nameplate rating. The breakdown voltage of ca-

pacitors used in filters should also be considered.

A safety factor of approximately 100-percent should

be used. For a given application, the working vol-

tage of a standard filter capacitor should be twice

the voltage of the circuit in which it is used. In

general, filter test voltage should be twice the

filter's nameplate rating

b) Power-frequency specifications are primarily appli-

cable to low-pass line filters. Filters should not

be operated at power- frequencies above those speci-

fied by the manufacturer. They will operate satis-

factorily at frequencies below those marked on tf.

nameplates

c) All filters us;ng series inductors cause some voltage

drop. The magnitude of this drop is determin-d Ibl

the series resistance of the filter and may be ex-

pressed, for example, as: maximum voltage drop at

rated current - 0.1 volts. In some cases, only the

series resistance is given. When th!s occurs, the

voltage drop for dc filters, or av filters when the

cut-off frequency is far removed from the operating

frequency, can be calculated using Ohm's law

d) if the ambient temperature deviates from the range

specified for the filter, failure or shortened ser-

vice life may result

e) The capacitance to ground of a filter is often a

determining factor in the filter's application.

Some circuits may limit the maximum capacitance to
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ground to prevent long time-constant currents from charging

the capacitors through a resistor. Another Instance

in which capacitive limitations are important Is

when capacitors might cause danger to pers.inn.I be-

cause of charging currents

f) The insulation resistance of a filter decreases con-

tinually during the life of the filter. The resist-

ence of a new filter usually measures several hundred

megohms, and, after several years of operation, may

measure 50 megohms. Because most power cables can

be used with an insulation resistance of one megohm,

the insulation resistance of a filter has little

effect on such cables

g) The following nameplate information, taken from an

actupl filter, is typical of most filter ratings:

RF Interference Filter SP-99

For Telephone Line Application

Current: 2 x 0.25 Amperes

Voltage: 250 VAC

AC Frequency: 60 CPS

Voltage Drop At Maximum Frequency: 0.1 volts

(at unity P.F. for AC units)

Duty Cycle: Continuous

Operating Tempera .. e Range: -550C to +850C

Weight: 2 pounds, 8 ounces

Test Voltage: 1000 VOC

Spec ial
Features: Nominal 600 ohms pass-band Impedance

Less than 0.5 db pass-band Insertion loss

from 50 cps to 15 kcs in 600-ohm line
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6n d,) at 50 kcs, measured per MIL-STD-200

Hermetica'ly sealed

Hot-tinned nonferrous case

Pressurized mounting

Glass or ceramic terminals

d. Multipib Circuit Filter Versus Single Units. The problem of

equipment requirement for many filters has two possible solutions.

The first is the use of a single, hermetically sealed box contain-

ing all the LC circuit components needed for filtering the equipment.

input to the container may be accomplished by compression solder-

sealed terminals; output, by a connector through a bulkhead. The

advantages of this method of packaging are:

I) Field replacement is comparatively easy, and the down-

time required to return the inoperative equipment to

use is short

2) All power leads tre routed to one point, passed through

a black box, and out of the equipment through a single

point

3) A small saving in size and weight is effected

Its disadvantages are:

1) Failure of any circuit means failure of the entire unit,

since replacement of component parts within the hermetic

enclosure Is not practical

2) The reliability of this type of unit Is greatly reduced,

compared to a single network, by the large number of

components involved

The alternative solution is the us3 of single-circuit filters. The

advantages of using single-circuit filters are:

3-98



I) Availability 4

2) Failure of one component does not mean the loss of

&I) filters in the system

3) Reliability Is increased by the reduction of the number

of components per enclosure

4) Cost and delivery time may be reduced

The disadvantages of this solution are:

I) More complex harnesses may be needed

2) Size and weight may be increased

A combination of the two methods, if space limitations permit, offers

the most prectical solution. individual standard components can

be located within an open framework to provide replaceable units

within a common enclosure: The output leads can be brought to a

connector located on the frame to provide the single exit point.

3-8. Lossy Transmission Line Filter

a. The usual n or T filters, Intended for broad-, and ioiter-

ference filtering, are generally composed of Iossles: or very

neariy lossless, Inductive and capacitive lumpec ale sints. Such

filters cannot dissipate energy within their rejectic-- range; they

merely reflect it, reroute it, or transform it so that, under

certain conditions, It may reappear elsewhere as an undesirable

signal or Interference. For any contiguration of iossless cir-

cuit elements of a filter, there may be found, for any frequency,

a load !mpedance for which the filter will transmit to the load

the maximum energy available from the source. Given the proper

source and load Impedances, insertion of a lossless filter may

actually Increase the energy delivered to the load; or the filter,

in thea circuit at that frequency, might have negative Insertion

loss. Similarly, the application of a filter composed of loss-
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less lumped elements, may also, under proper circuit impedance

conditions, increase the voltage or current at the load. Unlike

carefully designed laboratory circuits used for insertion loss

measurements, where source and load impedances are fixed at

exactly 50 ohms resistive, the impedances that a filter sees

in most practical power line applications are extremely variable

with frequency, and range from very high or very low resistive to nearly

minus or plus infinity reactive. in a practical applications it is

therefore not unlikely that at one or several frequencies with-

in the range over which the filter is expected to be effective,

the circuit impcrnces will cause a critical lowering of the

filter's insertion loss. These impedances may even render the

insertion loss altogether negative. Demonstrations of this effect

have been observed in which application of a reactive filter to

a line carrying interference has actually resulted in more, rather

than less, interference voltage appearing on the line beyond

the point of application. This deficiency, inherent in all filters

composed of lossless elements, has led to the investigation of

a dissipative type of filter that takes advantage of the loss

versus frequency characteristic of dielectric materials such as

ferrites.

b. The dissipative filter is a short length of ferrite tube

with conducting silver coatings deposited in intimate contact on

the inner and outer surfaces to form, the conductors of a coaxial

transmission line. The line becomes extremely lossy; that is,

it has high attenuation-per-unit-length in the frequency range

where either electric or magnetic losses, or both, become large

and increase rapidly with frequency. Figure 3-56 illustrates a

typical Insertion loss versus frequency curve for a lossy ferrite

tube transmission line filter. Dissipative filters of this type

are necessarily low pass; and the large field of application is

general purpose power line filtering.
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3-9. Microwave Filters and iMtching Networks

a. Requirements for microwave filters are often met by coax!al or

waveguide construction. The coaxial technique is applicable to 2 ýr 3

kmc, while waveguide elements are normally used above these frequen:ies.

The upper frequency limit for coaxial line filters i ,jiually determined

by several factors, among which are fabrication toleraric':b and construc-

ticnr arrangement. Resonant waveguide elements a-e useful for narrowband
filters, but wideband filter requirements must usually be met with cas-

caded waveguide elements. Beginning in th%! early 1950's, ,trioline tech-

niques have been app!ied to the problem of fabricating microwave filters.

b. Band pass, band rejection, high pass, and low pass filters have

been produced using strip transmission line. Figure 3-57 shows an exam-

ple of one of several configurations of stripline presently in use. A

single copper strip forms the center conductor. This strip is embedded

between two dielectric sheets which are surrounced by two copper plates

that form the ground plane. In practice, it has been found that fitter

construction using stripline limits tie designer to simple but adequate

combinations of series lines., open or shorted shunt lines, and series ca-

pacitors (formea by transverse sluts). Shunt lines are formed by lengths

of stripline at right angles to the mainline. Short lengths of open cir-

cuited line appear capacitive; short lengths of short circuited line ap-

pear Inductive. A method of producing shorted shunt lines is shown in

Figure 3-58. A ccmnon problem encountered In the use of stripline tech-

niques is the possibility of propagating higher order modes. Such modes

can be excited by any unintentional tilt of the center conductor. The

result can be narrow spurious pass responses In a rejectio.) band. These

can be eliminited by loading the line with res;stor cards, powdered iron

slugs, or screws located so as to absorb energy from the higher modes

without affecting the main transverse electromanetLic (TEM) lines. In

addition to preventing the propagation of undesired hioier-order modes by

electrical means, the above methods provide a mechanically rigid structure.
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c. The commonly used r, and T filter sections can be fabricated using

stripline techniques. Figu-e 3-59 shows the stripline center conductor

pattern ard the low frequency equivalent circuit for a basic T-section.

The Inductances shuwn in the lumped circuit are represented in stripline

form bi short lengths of line terminated by transverse elements. The

value of the inductive elements may be varied by altering the width, (W),
of the center conductor and hence the characteristic impedance. The ca-

pacitive element in the lumped model is produced by a transverse line of

the appropriate electrical length. Note that the transverse element is
placed symmetrically about the center conductor instead of being placed

totally on one side. Splitting the shunt capacitive reactance into two
equ3l sections on either side of the line shortens the necessary physica,

length of the stubs and therefore places spurious responses farther away

from cutoff and into the stop band. By combining the basic g and T sec-

tions, more complex filters may be fabricated. The center conductor c-'--

figuraticr• for a low pass filter and its equivalent low frequency networK

are shown in figure 3-60. Filters of this type are useful because they

are comparatively small and spurious responses are at frequencies tar

removed from the pass band.

C

L L

TC 
_

IN12LZ-254

Figure 3-59. Symmetrical T-Section Filter and Equivalent Network
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d. There are two types of spurious responses generally encoun-

tered in this type of stripline filter. One type of response occurs

at a frequency where the spacing between shunt elements is equal to

a half wavelength and at integer multiples thereafter. Another type

occurs when the shunt eloment length equals a half wavelength or an

Integer multiple thereof, In carefully designed stripline filters,

these responses occur far above the pass band. if It is found nece-

ssary, these responses may be eliminated by cascading the filter

with a low-pass filter having a cutoff frequency slightly lower than

the firsc spurious response and having no coincident spurious respon-

sas.

e. Imlpedance matching networks may be readily fabricated in

stripline. Prrely resistive matching can be accomplished by line-

arly or exponentially tapering the width of the center conductor.

Figure 3-61 shows a line linearly tapered to match two different

characteristic impedances, Z1 and Z2 . More complex matching may

be accomplished hy including shunt reactive elements of the proper

electrical length.

. The relative simplicity of fabricating stripline circuits

and the Inherent low losses make the use of stripline attractive

for microwave applications.

3-10. Waveguide Filters

All waveguides act as high-pass filters with cutoff frequencies

(the lowest frequencies at which propagation will occur without attenu-

ation) determined by the shape and size of the waveguide, and by the

mode of transmission. The greater the number c! joints and bends in
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Figure 3-61. Linear Taper Matching of Strip Lines

a system, the greater its capacity for creating and supporting different

transmission modes. The attenuation characteristics of hollow-pipe

guides are similar to those of conventional -high-pass filters In

which the electrical elements are lumped rather than distributed.

At frequencies below the cutoff frequency, power Is rejected because

the guide dimensions and frequency do not permit the existence of

thm type of waves that transmit power. In this region, there is no

real propagation, and the fields are attenuated exponentlaily. The
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attenuation (a) in & length of guide (L) Is:

Lf% I
a - 54.5 L f c decibels (3-43)

where: f = cutoff frequencyC

f - operating frequency

vc n velocity of light (vc must have the identical length units

as L)

In time design of equipment enclosures, it is almost always necessary to

vide openings for control shafts, meters, and ventilation. Such

openings act as 4indows for radiated interference. An extremely

useful interference reduction technique is to design the aperture

through which leakage occurs to be a waveguide-type attenuator. Volues

of attenuation for circular and rectangular waveguides are given on

figures 3-62 and 3-63.

a. Wide-Band Reflective Waveguide Filters. The serrated-ridge

type weveguides provide high stop-band Insertion loss over a wide

frequency range. Values of pass-band losses of less than 0.1 db,

and of stop-band losses greater than 50 db over a two-to-one fre-

quency rang% are easily attained with these waveguides. The power-

handling capacity of this type of waveguide filter is only about one

per-cent of the unperturbed waveguide. If carefully evacuated, such

filters are able to operate at up to half the power-handling capacity

of corresponding unridged waveguides at one atmosphere of air pressure.

This type of filter may also be useful as part of a hybrid filter

where the power Is d!vlded into several branches. A similar corrugated

waveguide filter (fig. 3-29 in Section I of this chapter) has been

designated the waffle-iron filter because of its construction. As

in serrated, ridged waveguides, only the dominant mode propagates

In the stop-band; therefore, there is no multimode problem. This

filter is very compact, easily fabricated, and has a power handling

capacity of about three per-uent of the corresponding uncorrugated
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weveguide. The same filter, when evacuated, is capable of handling

100 per.cent of the power that the unperturbed waveguide can handle

at one Atmosphere of air pressure. Figure 3-30 in Section 1 of

this chapter shows the characteristics of this filter.

b. Reactive Mode Devices. There are numerous reactive devices

that can be used in filter designs to increase the stop-band in-

sertion loss for a particular mcde. Decreasing the height dimension

of the waveguide in the filter will reflect most of the UeOn modes

and the degenerate modes, thereby providing high insertion loss

(50 db or more). However, the power handling capacity is decreased

in the same proportion that the height dimension is decreased. The

same insertion loss for the same modes can be attaine6 by placing

a septum in the waveguide, parallel to the Y-Z plane, which does

not disturb the propagation of the dominant mode. By tapering

and rounding the edges, as shown on figure 3-64, the gradient

field enhancement at the front and back edge of the septum becomes

negligible. Thus, a thin septum has little effect on the power

handling capacity. Septum sections have been high-power tested

and shown not to degrade the system. Septa can be constructed

either in the form of a series of rods projecting across the filte 1

or in the form of bullets projecting out from the narrow walls (fig.

3-65).

c. Tuned Cavities. Another reactive device that is useful for

increasing the stop-band loss is the tuned cavity. Figure 3-66

shows a section of such a cavity attached to a oaveguile section.

A few cavities can add 30-db loss over a narrow frequency range.

Placement of these cavities away from the regions of maximum electric

field enables the section to maintain 100 per-cent power handling

capacity.

d. Ferrite Filters. The use of resonant ferrite materials In

waveguldes to provide the desired attenuation at certain frequencies

has been discussed and proposed by a number of Investigators. Ferrite

materials, properly located In a waveguide, provide attenuation by
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absorbing undesired energy, thus providing a nonreflective filter.

By placing a thin slab of ferrite material across the broad walls

of a section of waveguide and biasing the ferrite with magnetic

fields chat cause resonances to occur, it is possible to absorb

large amounts of microwave power over a selected frequency range.

In using ferrites to absorb harmonic signals, the pass-band to

stop-band loss maintains a ratic similar to, but higher than, that

of ferrite isolators. A substantial fundamental power loss may be

experienced in atzempting tc. obtain extra broad stop-band loss.

Ferrite slabs placed on the waveguide broa-i walls~will not absorb

energy from al! modes with equal efficiency as the intensities of

the rf magnetic fields often vary considerably from mcde to mode.

In such filters,it is often necessary t) reduce the height di-

mension of the waveguide to generate a sufficient magnetic tiell

across the ferrite slab. In so doing, a sizable amount of the

energy in the narrow wall modes is reflected instead of absorbed,

and the power-handling capacity is lowered. Excellent character-

Istics of 0.2 db to 0.3 db pass-band loss and 30 db to 50 db stop-

band loss can be achieved using ferrites at powers in the range of

five megw and higher.

V 1 N1212-2•48

Figure 3-64t. Septum Section
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e. Mode Filters. There are various filter techniques that can

be used to absorb certain modes. Among these techniques is the

placement of a thin resistance film perpendicular to the narrow

wall and parallel to the broad wall of a waveguide, as snown on

figure 3-67. Such a film effectively absorbs many of the modes

that have a narrow wall component of electric field, without affect-

ing the dominant mode. A narrow slot, filled with absorbing meter'ial

and placed along the broad wall of the waveguide in a manner similar

to a slotted line, will absorb the energy from all modes which have

a ctirrent path perpendicular to the slot.

THIN RESISTANCE FILM
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3-11. Filter Instdillation and Mounting Techniques

a. General.

(1) Electromagnetic interference can emanate from equipment

both by radiation through space and by .-onduct!on through

power lines and control circuits. No matter how well-

shielded a source may be, the shielding effectiveness

can be nullified by conduction of interfering currents

in the power, control, aid instrumentation leads. Ca-

pacitors and filters prevent interference from reaching

other circuits by introducing high-impedance paths for

the interfering currents, or shunting them from the load

through a lower impedance to ground, or providing a re-

flective mismatch to the interference.

(2) When using filters, proper installation is absolutely

necessary to achieve good results. Effective separation

of input and output wiring Is mandatory, particularly

for good high-frequency performance, because the radiation

from wires carrying interference signals can couple directly

to output wiring, thus circumventing and nullifying the

effects of shielding and filtering. Input and output

terminal Isolation is most easily accomplished by using

a filter that mounts through a bulkhead or chassis. In

all cases whore bulkhead mounting isolation Is not feasible,

Isolation by shielded wiring Is mandatory. It is highly

desirable to locate suppression components in or on the

device generating the Interference. The rf Impedance be-

tween filter-case and ground must be as low as possible.

The methods of mounting a filter become very critical at

high frequencies. If complete Isolation is effected be-

tween input and output, filter Insertion loss will approach

the design figure.
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(3) The impedance to ground of a filter that is improperly

mounted, from the standpoint of rf grounding, can be-

come suFjiciently large in value to cause interference

voltages to develop across the impedance at radio fre-

quencies. These voltages reduce the effectiveness of

the filter. An important factor in filter performance

is the bonding of the filter-case to the ground plane

structure of the interference source. This requirement

Is of utmost importance if the filter is to achieve its

design performance capability. Figure 3-68 illustrates

the effect of poor bonding on a A-section filter. The

path of rf currents Is indicated by the arrows. When

a poor bond exists, the filter-case is raised above

ground Ly an impedance, Zb. With this condition exist-

ing, the current through the first shunt capacitor, C,

divides at the junction of the two capacitors and Zb.

Some currt * flows through Zb, depending upon the impedance.

The remaining current flows through the second shunt

capacitor, C2, to the load, thus compromising filter per-

formance. It is Imperative that the surface on which a

filter Is mounted, as well as the mounting surface of the

filter Itself, be clean and unpainted. The rf impedance

of the filter-can to ground should be as nearly zero as

possible. If the surfaces are aluminum, and a good bond

Is required, the surfaces should be iridited, never anodized.

The mounting ears, or studs, must ensure firm and positive

contact over the entire area of the mounting surface. Al-

though the location of the filter depends on the individual

application, In general, it should be Installed as close

as possible to the Interference source. In cases where

there Is no control over the Interference source, the fil-

ter should be installed at the point of susceptibility.

Grounding plays an Important role in the application of

filters and capacitors, whether the two-terminal by-pass
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type or the three-terminal feed-through type is used.

GrnundinS is an important factor in the case of feed-

throLqh capacitors and filters because these devices

are inherently more effective in the high-frequency

ranges than two-terminal capacitors, and there is, there-

fore, more to lose by excessive impedance in the ground

circuit. When using by-pass capacitors for interference

reduction purposes, only metal-cased by-pass capacitors

should be employed. The cases should always be grounded

directly to the chassis, either by suitable clamps or

by threaded-neck type construction. Grounding by-pass

capacitors by pigtail leads simply adds additional series

inductance, thus iowering the resonant frequency and the

usefulness of the by-pass capacitor.

FILTER

POWER -ic w w " -, -__._
SOURCE RECEI VER

I, , HIGH IMPEDANCE

FROM POOR SOND

NOTE' 0OTrED ARROWS DENOTE PATH
OF INTERFERENCE CURRENTS IN1212-256

Figure 3-68. Effect of a Poor RF Ground Bond on Filter Effectiveness

3-117



b. Chassis Mounting. In general, any of the following five methods

can be employed to mount filters on a chassis:

1) Tabs on the filter body

2) Screws or bolts on the filter body

3) A flange on the filter body

4) A clamp on the filter body

5) A feed-through stud for bulkhead mounting

Figure 3-69 is representative of filter mounting techniques. A typical

filter installation is shown on figure 3-70. The top figiore (3-70A)

illustrates the preferred method of filter installation; one that is

integral with the interference source -- in this case, a dc motor. Fiq-

ure 3-70 also illustrates the difference between proper and improper

filter installation. In 3-70A, the bulkhead mounting princip[.- is used,

and the filter's input and output circuits are completely isoleff-4. Fig-

ure 3-70B shows how direct input-output coupling can reduce chv, effectiver

of the filter, particularly when extremely high magnetic fields exist

within ihe shielded area. This results in Interference being coupled

to all leads entering or :eaving the area. Often, filters fail to per-

form because of improper Installations. Poor Installation can result from

Improper lead routing (fig. 3-71). In this figure, two incorrect methods

of mounting a filter, both Ineffective at high frequencies, are illustrotf

in figure 3-71A, the Input and output leads are physically crossed, com-

pletely nullifying the effectiveness of the filter. In figure 3-716,

isolation between input and output circuits is not complete due to lack

of shielding on the leads -- although there is the advantage of ease of

assembly and some Isolation up to about 5 mc. The Insertion loss drops

rapidly because of Ahe coupling of energy across the filter, regardless

of the Insertion loss originally designed into the filter. Proper in-

stallation of power line filters is shown on figure 3-728. One method

of achieving designed Insertion loss is to shield either the input or

output lead, or both. To be really effective. shielded wire must be

continuous from the Interference source to the filter and/or from the
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Figure 3-69. Typical Filter Mounting Techniques
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Figure 3-70. Filter Installation
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Figure 3-71. Incorrect Filter Mounting Methods
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Figure 3-72. Installation of Power Line Filters
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filter to the point of exit from the radiation area. The best way

to effect a satisfactory filter installation is to specify feed-

through or bulkhead mounting wherever feasible and to employ

circumferetial grounding of the filter-case to the bulkhead. Typical

examples of these types of filter mountings arn illustrated on

figure 3-73. Figure 3-74 shows a feed-through capacitor Installation

in conjunction with shields. Feed-through capacitors, because of

their superior characteristics, are recommended even when mounting

in a shield is not feasible. Spot-facing of areas around filter

mounting bolts is one reliable technique for obtaining an adequate

bond. A far more permanent and better bond can be echleved by making

the filter housing integral with the housing of the interference gen-

erator. The same bonding requiroments apply when filters must be

mounted on the susceptible unit rather than on the source.

3-12. Capacitor Selection

a. General

(1) The simplest and most common type of Interference reduction

network is a single capacitor used to shunt high-frequency

interfe:'ing signals to ground. Such capacitr3 are widely

employed in the power supply lines of electrical and electronic

equipment, and may be used on both ac and dc leads. The

optimum bypass capacitor is selected on the basis of its

Impedance-versus-frequency characteristic. The series

resonant frequency of the optimum bypass capacitor should

be approximately in the center of the Interference fre-

querncy band to ensure that the bypass capacitor will have

the lowest net !mpedance during operation of the circuit.

(2) The simple equl alent circuit for a fixed capacitor

is a series RLC network, where R is due to dielectric

losses and L is usually due to the Inductance of

the leads. Because lead Inductance in a capacitor

is a significant factor, it is possible to select

a value of capacitance to create a series resonant

circuit at the Interference frequency. For a

series resonant circuit, the net Impedance Includes

3-123



F.U ILTERDMUTN

I NTERPIAL- EXTERNA

A. BULKTOUHEA MOUNTING 111-8

FigureWVL 3-R3 TypcLDE etofrMuning FiAlterRCase

FILTER



onty the series 0oss resistance of the capacitor. With

common mica or ceramic dielectric capacitors, the dissipation

factor is very low. Thus, the equivalent series resistance

is very small.

FABRICATED CAPACITOR LAP
MOUNTING PLATE •._ , CAP

FFErD I• ,•SOLDER SHI ELDI NG

THROUGH •TO FTRRULE

CAP ACITO

S• SHIELDED WIRE

TOOTH-TYPE 
SOLDER CAP

LOCK VASHERS B TO BASE IN1212-2 62

Figure 3-74. Feed-Through Capacitor Shield Assembly

(3) Consider the lead inductance and its effect upon the choice

of capacitor values. The inductance of a straight piece

of copper wirc is computed as:

Inductance - O.O05L [ 2.3 oglo 40 L - 0.75) ] 1 h (3-41)

where: L - wire length in inches

D - wire diameter in inches

The inductance of various lengths of AWG No. 12, 18, and

24 wire was calculated and the results plotted on figure

3-75. The reactance versus frequency curves for various

values of lossless L and C elements is shown on figure 3-76.
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Figure 3-76. Reactance versus Frequency for Various Lossless
L and C Elements

3-126



(4) The following examples show the significance of figures

3-75 ard 3-76. Assume that a 0.44-inch length of No. 24

wire for each lead is acceptable. Since each lead has an

inductance of 0.01 ph, the total series L in the equivalent

circuit is 0.02 ph. Assume, also, that the optimum bypass

capacitors for 25, 49, and 110 mc circuits are desired. For

the stated L value, the optimum C values are 2000, 500, and

100 LýLf, respectively, for the three frequencies, t shown

on figure 3-76. Net impedance curves (assuming a zero

dissipation factor) for each optimum capacitor are shown

as dotted lines on figure 3-76.

(5) Consider the result of using too large a value of C. Assume

that a 2000-p.if capacitor is incorrectly specified for a

bypass capacitor in a 110-mc circuit. For the same total

lead inductance, it is known from the previous example that

this 2000-tp±f capacitor has an Inductive reactance of approxi-

mately 3.2 ohms at 25 mc and a reactance of 14.5 ohms at 110 mc.

The optimum value for this 110-mc case is actually a 1O0-p~tf

capacitor (fig. 3-76). This capacitor produces a net impedance

of I ohm or less at frequencies from 107 to 115 mc, and a

net impedance of 10 ohms or less rrom 80 to 155 mc.

(6) To measure the approximate value of f0, the series resonant

frequency, connect the capacitor leads together (using the

same lead length as required in the circuit) and couple this

one-turn loop Into a grid-dip meter. The resultant f0 will

not be exactly the series resonant frequency for the same

capec;tor when s6ldered in a circuit because the 1, of a small

one-turn loop is not the same as the L of two small straight

lengths of wire, but this measured value of f0 is usually

within 10 per-cent of the true value.
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(7) The effectiveness of a capacitor as an Interference re-

duction component may be measured in terms of its insertion

loss. This loss, as an index of effectiveness for capacitors.

may ba expressed as the ratio of the interference voltage

before and after insertion of the capacitor. Insertion

loss data yields a qualitative measure of the interference

reduction that may be effected at a load by the application

of a particular capacitor.

b. Lead-Type Capacitors.

(I) The impedance of an ideal capacitor follows the relation-

ship: XC - . As previously stated, a practical capacitor

possesses inductance and resistance in series with its

capacitance. The inductance consists of the inductance

inheent in the capacitor itself and the inductance of the

capacitor leads. To reduce the internal inductance, non-

inductive capacitors are constructed by winding two layers

of aluminum foil, separated by a dielectric material such

as kraft paper or mylar, Into a cylindrical roll (fig. 3-77).

One foil projects beyond the dielectric on each end. The

ends are then swaged by pressing agalist a wheel that re-

volves through a reservior of molten aluminum. This action

effectively bonds every turn of ea h foil together, re-

sulting in very low Inductance between the windings. When

XL a XC, the capacitor becomes a series resonant circuit

with very usable rf characteristics. At the resonance point,

th6 Impedance Is a minimum and the Insertion loss is at

its maximum. Above the resonant frequency, wL predominates,

and the capacitor ceases to be an effective by-pass element.

(2) For the circuit of figure 3-77, the resonant frequency is

given by the expression fr " $L where L is In henries

and C is in farads. The resonant frequency increases as

the total Inductance decreases (the smaller the total Induc-

tance, the higher the resonant frequency and the greater
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the useful frequency range). For a given capacitor,

the internal inductance is fixed, but the external induc-

tance is a function of lead length, as shown by equation

3-41.

-/LINE TO BE BY-PASSED

SOLDER CONNECTION EXTERNAL CAPACITOR LEAD

TO EXTENDEU FOILS

O ROLLEDHOT F I L CAPACI TOR

SECT ION

HOUSING 
L

GROUND FOI L
CONNECTION PROM GROUND

TO CONTAINER

R

L

C EQUIVALENT CIRCUIT OFT LEAD-TYPE CAPACITOR

-- IN1212-260

Figure 3-77. Typical Bypass Capacitor Construction with
Equivalent Circuit
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(3) Varying the lead length of a capacitor and, consequently,

its inductance, offers some degree of control in shift-

ing its resonant frequency. Figures 3-78 through 3-81

provide a series of design curves relating lead length

to resonant frequency for several types of commercially

available capacitors. The paper tubular type is not

acceptable for rfl suppression use. The flexibility

of capacitor values using lead length as the variable

parameter is easily demonstrated: Suppose the require-

ment is a by-pass capacitor application at a frequency

of 2 mc. Using paper tubular capacitors, whose .,sonant

frequency characterisitics are given in figure 3-78, the

following choices are available:

1) 0.5 4f with 0.15-inch leads

2) 0.25 4f with 0.5-inch leads

3) 0.1 4f with 1.5-inch leads

4) 0.05 Vf with 2.6-inch leads

From these design curves, and from figure 3-82 it may be

seen that:

I) The lead-type capacitor, near resonance, is somewhat

superior to the Ideal capacitor of similar value

which by-passes without resonance by capacitive

reactance aloioe

2) Twenty percent beyond the resonant frequency, the

lead-type capacitor Is Ineffective as an Interference

reduction component

3) Even by decreasing the external lead length as much

as reasonably possible, the lead-type capacitor has

a frequency limit imposed on it by its Internal In-

ductance
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Figure 3-82. Insertion Loss Comparing Ideal, Feed-Through and
Lead-Type Capacitors for a 50-Ohm System
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The resonant frequencies are only relative since they vary

with the geometry and construction of the component. In

practice, the resonant frequency is checked v~ith a grid-

dip meter. The ceramic standoff, or stud-type capacitor,

represents an effort to reduce the inductance and raise

the resonant frequercy. It is still basically a lead

type unit, with one relatively long pigtail lead re-

placed by a short, thick stud terminal having a minimum

of inductance. Although this terminal improves insertion-
loss characteristics, the resonant frequency of the stud-

type capacitor is still only slightly higher than that of

a conventional lead-type capacitor that has a short lead

comparable to the length of the stud.

c. Feed-Through Capacitors.

(1) In those cases where Interference suppression requires

broadband characteristics that the ordinary capacitor

does not provide, two components may oe used; these are

the feed-through capacitor and the low-pass filter. A

typical feed-through capacitor is shown on figure 3-83.

It features reduced Internal inductance and freedom from

the external Inductance that Is common to all lead-type

capacitors. The feed-through capacitor may be considered

as a four-terminal network, similar to a section of coaxial

line. The Input and output terminals are connected; and

capacitance exists between both of these terminals and

the case of the capacitor.

(2) To maintain the highest possible resonant frequency, it

Is essential that connections within the capacitor be as

short as possible. Thus, a good feed-through capacitor

has soldered internal connections so that internal in-

ductance and resistance are at their absolute minimum.

In addition, the feed-through principle acts to cancel
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out any induced fields resulting from current flow in

the foil itself. At present, feed-through capacitors

that resonate above 1000 mc can be produced.

,OUSING GROUND FOILS

SOLDER CONNECTNIEON

TO FEED-THROUGh BUS

FEED-THROUGH BUS

LIETO BE

BY-PASSED ___ALL EXTENDED FOILS

'HOT' FLSSOLDERED TOGETHER

'HOT' FOILS-

SOLDER CONNECTION

TO HOUSING

EOUIVALENT CIRCUIT

0I
IN1212-272

Figure 3-83. Typical Feed-Through Capacitor Construction
and Equivalent Circuit

(3) The attenuation characteristic of a feed-through capacitor

is simliar to that of any low-pass filter with the exception

that much nore c&pacitance is required to obtain a given

insertion loss at the cutoff frequency. To realize the

fullest advantage of the feed-through capacitor as a fil-

ter, it is most important that it be mounted so that the

input is completely shielded from the output. Bulkhead

mounting is one method commonly employed. The insertion

loss will then very closely fol ow the characteristic of

an ideal capacitor. When the 1:.ed-through capacitor is
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inserted into a matched 50-ohm line, the insertion loss

can be computed as follows:

Insertion loss in db - a - 10 log10  1 +

ca - 20 lOg 10 (50ifC) fC > approx 1/15 (3-42)

- 44 db + 20 log.,) (fC)

This equation is valid when the insertion loss is significs ""

greater than zero. Typical curves of insertion loss, based

on a 50-ohm line for various size feed-through capacitors,

are shown on figure 3-84. Figure 3-82 is a curve of in-

sertion loss of a feed-through capacitor compared to an

ideal cape itor and a lead-type capacitor for a 50-ohm

system. The required capacitance value to yield a given

insertion loss at a given frequency can be read directly

from the curves of figure 3-84. Alternately, it may be

computed from the following equation:

C - I/f Antilogl 0  20 (3-43)

where: C a capacitance in ILf (for a 50-ohm system)

f - frequency in mc

a - Insertion loss in db

If the frequency of interest falls within the range where

the characteristic departs from that of the ideal capacitor,

a safety factor of about 10 db should be added to the re-

quired a. This also applies in the application of the

curves of figure 3-84, which are based on ideal character-

istics.
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(4) Selection of the optimum feed-through capacitance value usuall

necessitates a compromise between a capacitance sufficiently

large to provide good insertion loss at the frequency of

concern, yet not so large as to cause appreciaole loading

at 60 cps or at other power frequencies. Applying capacitanc

across switches necessitates care, as capacity in excess

of 0.01 pf may cause excessive metal transfer or burning

and sticking of the contacts. While the specific application

will determine the choice of capacitor, for most design

purposes, the range of capacitance values is from 0.01 to

2 ý.f. In most applications, unless the circuit contains

high levels of interference voltages at low frequencies, a

feed-through capacitor may be used instead of a lilter net

work to provide the necessary by,-passing effectiveness.

(5) Feed-through capacitors must carry all the line current

through their center conductor. They must, therefore, be

rated in terms of current-carrying capacity as well as

capacitance and voltage. New low-voltage, high-capacity,

small-sized, feed-through electrolytic capacitors provide

effective reduction of interference from audio through uhf

frequencies. Their insertion-loss characteristics are simila

to those of comparably-rated paper feed-through capacitors,

though their physical size is much smaller.

3-13. Inductors

Inductors are often used for interference reduction design applicari
di

The voltage across an inductor Is -L ; that is, the induced electro-

motive force opposes any variation or interruption of the applied cur-

rent. When inductors are used as interference reduction devices, they

must be capable of passing the operating current without excessive

heating and without causing effects upon, or being affected by, near-

by electric or magnetic fields. They must also preserve their elec-

trical properties over as wide a frequency range as possible.
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a. Coils. Figure 3-85 shows some typical coil configurations. The

windings may be either solenoid (cylindrical) as in fig. 3-85 A, B, C,

D, E, or toroid (circular) as in F and G. The cores may be air, powdered

iron, ferrite, or molybdenum permalloy. The reactance of a pure in-

ductor increases directly with frequency and with the value of the in-

ductor. Because of the increase of inductive reactance with an increase

in frequency, a series-connected inductance acts similarly to a low-pass

filter, and a parallel-connected inductance acts similarli to a high-

pass filter. At low frequencies, the value of the inductance must be

larger than it would need be to give the same impedance at a higher fre-

quency. The follow.i•g•are coil characteristics:

1) Inductance

2) Permeability

3) Q = XL/RE

4) Resistance, RE - Rdc + field loss

5) Heat r;se

6) Field losses

7) Coupling within the inductive field

8) Saturation (excessive flux density)

9) Distributed capacitance

Figure 3-86 shows the equivalent circuit of an inductance coil in which:

L - inductance, C - distributed capacitance, RE - winding resistance,

and Rs - shunting effect of the losses in the surrounding medium. Be-

cause of the way that coils are wound, there is some distributed capacity

between windings. This capacity has an Important effect upon the action

of the coil at high frequencies. At a frequency determined by its in-

euctance and distributed capacity, the coil becomes a parallel resonant

circuit. At frequencies below this resonance, the coil is predominantly

inductive; at frequencies above resonance, the. coil is predominantly

capacitive. The distributed capacity of a coil constitutes the limit-

ing factor on the values of inductance that may be used in filters.
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A. AIR-CORE SOLENOID 8. SPLIT-CORE SOLENOID

, 000 000

C. FULL-CORE SOLENOID D. PI WINDINGS

E. MULTILAYER SOLENOID F. AIR-GAP TOROID

B. REGULAR TOROID IN1212-274

Figure 3-85: Typical Coil Configurations

3-142



C:
1i

a- L

TIN1212-275

Figure 3-86. Equivalent Circuit of an Inductance Coil

If an attempt is made to use too large an inductance, the distributed

capacity may cause the coil to resonate at too low a frecjuency. The
distributed capacity of coils may be reduced by winding the coil in

several sections so that the distributed capacities of the various

sections are in series with each other. Thus, where high insertion

loss is desired at low frequencies, the use of small inductances

with additional filter sections is frequently a better solution than

the use of a single-section filter. The distributed capacity of a
single-layer coil can be found by the use of the nomograph of figure

3-87 once the the diameter of the coil (d), the diameter of the wire

used (a), and the distance between centers of adjacent turns (s) are

known.

b. Torolds. When greater Inductance is required in a given space

then is obtainable with an air core, a magnetic core material is used.

When magnetic core materials are used in filters, the insertion loss

of the filter must be specified as the Insertion loss under load be-

cause magnetic core materials without external air gaps tend to saturate

when used In dc circuits drawing large amounts of current. In such

a case, the Insertion loss changes appreciably. The use of non-
saturable materials for the Inductance core is recommended. Often,

inductance core material Is specified which, under no load, gives

good ;nsertion-!oss characteristics, but under full load saturates,

causing lowered Inductance and reduced insertion loss. The effect
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of saturation or the inductance is evident from the inductance equation

of a toroid: For a single-layer toroid of rectangular cross-section,

with or without intrinsic air gap, but without external air gap (fig.

3-88):
r2

L - 0.00508 N2 bu In 2 (3-44)d rI

For a single-layer toroid of round cross section (fig. 3-89):

L = 0.0319N2 Ud r ýr- m2 ": 2/4 (3-45)

where: L = inductance, in .±h

b = core width, in inches

ud = average incremental permeability

rI = inside radius, in inches

r2 = outside radius, in inches

r =- mean radius, in inches

N - total number of turns

In both cases (round and rectangular cross section), the inductance

is directly proportional to the avsrage lncrementa: permeability. The

permeability is a function of the magnetization which varies as:

H=N N1 3-62% - 2r-'" _% (rI + r)

where: H - magnetization, in ampere-turns per inch

I - dc current, in amperes

Figure 3-90 shows the variation of incremental permeaoility with

magnetization for different materials. The ferrites have the high-

est initial permeability, but they reach saturation very quickly.

Also, they have the lowest losses at 200 kc, but their losses in-

crease very rapidly with increasing frequency. Molypermalloys do
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Figure 3-88. Toroid of Rectangular Cross-Section
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Figure 3-89. Toroid of Round Cross-Section

not have very high initial permeabilities; however, they do not sa.-irate

easily and their losses at high frequencies are low. The molypermalloys

at the present time appear to be the best compromise available for those

cases where high indus.tances are needed with low losses at the high fre-

quencies. It should also be determined that temperature changes that

may be encountered do not change the core inductance sufficiently to

modify the filter's characteristics.

3-14. Faraday Shields in Low-Level Transformer Deýiqn

a. General. Low-level transformers are ofter, subject to inter-

ference voltages. The cause of these voltages could be stray magnetic

fields, cnimmon-mode signals, or machine-made disturbances. An under-

standing by the design engineer of shielding techniques as used in the

construction of 1-w-level inpu't transformers, chopper input transformer,

3-146



IIIc

0-0

U.

H- >-

j via
IC C

/ c

C4

ILD

-illVH~ IVNNV3l

3-147



power supply transformers, and isolation transformers is helpful in

minimizing interference. Typical applications of these shielding

techniques will aid the engineer in the design of suitable units.

b. Methods of Shielding. The interference effects upon a trans-

former from stray external magnetic fields are attenuated by magnetic

shielded enclosures, such as Mu-metal shield-cans. As many as three

Mu-metal shield-cans are used when high flux densities are encountErec

The cans are nested together, and a heavy copper interleaf is used

between them, resulting in attenuation of the order of 100 db. An

additional 45 db of attenuation is obtainable when the transformer

windings are wound in a hum-bucking configuration. These values ol

attenuation are dependent upon the transformer's orientation with

respect to the magnetic field. The Faraday shield is employe when-

ever a high level of isolation between windings is required. The

isolation is accomplished by enclosing the windings in one or more

Faraday shields. The Faraday shield consists of a grounded area

of metal that is placed between the source of the field and the

winding to be shielded. The ground maintains the shield at a constan.

potential, thus preventing the field lines from reaching the winding.

The Impedance of the shield itself and its ground-lead should be

as low as possible to ensure that the entire shield becomes a true

equipotentlal surface. If the shield is to be used where magnetic

field shielding and eddy-current losses must be avoided (as in

shielding between the primary nd secondary of a transformer), it

should either be placed parallel to the magnetic lines of force and

provide no shorted-turn effect, or be subdivided to break up the

eddy-current paths. A subdivided shield is made by weaving a cloth

of wires in one direction and threads in the other; all the wires

are then connected together and grounded at one end. These shields

are commercially available. Their use prevents the coupling of

residual currents from primary ro secondary and also provides a

high impedancL from the se ondary ioad back to the line.
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c. Leakage Capacitance.

(1) The high level of isolation obtained with a Faradas shield

is provided by the equivalent coupling capacitaume, which

may be less than 0.03 pf between windings. This low-leak-

age coupling value gives rise to a common-mode signal re-

jection in excess of 130 db when the undesired interference

is at a frequency less than 400 cps. The equivalent capaci-

tance is determined by the equation:

E2 /R

C - 12/1- (farads) (3-47)

where: C - equivalent capacitance in farads

R - resistance in ohms

f - frequency (cps)

El - input voltage (volts)

E2 - output voltage (volts)

A test circuit for measuring these values is shown on figure

3-91. The achievement of a low-coupling capacitance value

between windings depends upon one important construction

feature: shielded leads must run directly into the trans-

former windings. Terminal pins are not used because the

capacitances between a terminal -in and a transformer

case alone can be as high a: . On installation, shields

should be grounded with a low-impedance bond. If the

shields are grounded to the frame of the transformer, the

contact surface of the transformer base and chassis must

be electrically clean.

(2) On figure 3-92 a standard transformer with one Faraday

shield is shown; CI and C2 represent the leakage capaci-

tance. In this case, the equivalent capacitance can be

as high as 100 pf at 60 cps, representing an impedance
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Figure 3-91. Test Circuit for Measuring Leakage Between Prir.--
and Secondary in a Box-Shielded Transformer

of 26.6 megohms. Thus, a current of 4.33 pa will flow

through the one-megohm load, producing a noise voltage

of 4.33 volts. By comparison, a Fardday box-shieldee

transformer and its equivalent leakage capacitance of only

0.03 pf produce a leakage impedance of 8.84 x i010 ohms.

Only 1.3 mv of noise voltage appears across the 'oad. A

double Faraday box-shield around the secondary of a power

transformer 's often necessary when a floating dc supply

is desired. As shown on figure 3-93, the isolation im-

pedance from the output of the rectifier bridge to ground

is represented by R. The capacitance (C3 and C4) from

the winding to the shield shunts this value of R and

reduces the Isolation impedance. The use of a guard

shield (fig. 3-94) makes the shunting effect negligible.

Connecting the guard shield to the center-tap oF the

winding assures that there will be no significant po-

tential difference between the guard shield and the outer

shield. The shunt;ng impedance is essentially infinite:

current does not flow b3tween the guard shield and the

outer shield, and the capacitance is confined to the

secondary winding.
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d. Low-Level Input Transformers. In low-level systems, the amp-

litudes of common-mode interference signals ofte,i exceed the signal

voltages being measured. Common-mode rejection, therefore, becomes

vital. The Faraday box-shielded transformer, when properly connected,

offers the greatest amount of common-mode rejection. A guard shield

can also be used in conjunction with an input transformer. The guard

shield is installed in the primary side, rather thar, in the secondary

as in the case of the power transformer. Usually, the guard shield

is connected to the winding center tap, while the outer shield is re-

turned to the low side of the source. Various schemes have been em-

ployed by electronic design engineers for terminating these shields.

One method commonly used is that of driving the shields at a volt-

age potential above ground.

e. Chopper Input Transformers. The requirements of chopper input

transformers are similar to those for low-level input transformers;

complete isolation between windings, a high order of common-mode

rejection, and rejection of stray magnetic fields.

f. Isolation Transformers. Faraday box-shielded isolation trans-

formers have valuable application on power lines where motors, relays,

and other devices are in operation, and are producing interfe,-:;nce

signals common to each line. These signals can usually be controlled,

or greatly diminished, by the use of these isolation transformers.

When it becomes necessary to Isolate several instruments from each

other within different parts of a circuit, a separate isolation trans-

formar can be used for each instrument.
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Section III. POWER SUPPLIES

3-15. General

Power supplies are essential components of most electronic equipment.

Interference from power supplies can occur in two ways (fig. 3-95):

Interference may be generated within the power supply and transferred

to other circuits, or interference may be generated in one circuit or

piece of equipment and transferred through the power supply to other

circuits or pieces of equipment. The ideal power supply does not gen-

erate interference or serve as an interference transfer medium for other

circuits. To achieve such a power supply, completely ;nterference-free

circuits would have to be used, and every input and output line would

have to be decoupled and shielded from all external electric and magnetic

fields. When it is impractical tv design such an ideal power supply,

other interference control meas,'res should be used. These include filter-

ing, shielding, circuit planning, and selection of components. The

guidelines presented in this section should be adapted to the particular

power supply being designed. If it is impossible to use separate power

supplies, well regulated supplies are useful. The regulation causes

very low common impedance coupling between circuits, which will substantia-

lly reduce this mode of Interference transfer.

3-16. Circuit Planning

a. When a common power supply is used for several circuits, it pre-

sents a special compatibility problem: circuits using a common power

supply must be compatible with each other. For example, if a particular

piece of equipment uses high-power relays In association with low-power

digital-Information circuits, an interference-reduction problem exists

if only a single power supply Is used. The relay circuitry, because of

its inherent high-interferei.ce level and sudden voltage-cur-ent demands,

will completely immobilize the low-power digital circuits with their

stable voltage-current requirements. Interference generated in the relay

circuits can very easily be transferred through the powe- supply into the

digital circuitry. One solution Is to design separate power supplies for

both the high-power relays and the sensltitve digital circuitry. In this
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way, both circuits can be completely Isolated, and the mutual *zoupling

problem eliminated.
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Figure 3-95. Mutual Interference Coupling
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o. When a common power supply must serve many circuits, certain

interference suppression techniqueb should be incorporated. The power

supply should isolate each of the circuits, and interference sources

located in each circuit should be decoupled and isolated from other

circuits. The circuits should be decoupled and Isolated in accordance

with their individual power requirements, electrical characteristics,

frequency and spectrum characteristics, and function. Circuits that

produce high-interference levels should be isolated from sensitive

circuits. Conducted interference, originating within one piece of

equipment, should be prevented from being transferred through the power

supply into common power lines and into other pieces of equipment. As

shown on figure 3-95, a power supply can provide mutual interference

coupling paths between all the equipment that it serves. Interference

of this type can be controlled by the proper use of interference filters

in the offending lines (fig. 3-96). When the power supply is an in-

terference source (fig. 3-96A), its lines should be filtered; this

prevents the interference from coupling to other equipment; instead, it

remains within the power supply circuitry. When the equipment is the

interference source, the equipment lines should be filtered (fig. 3-968);

the filtering Isolates the interference within the equipment and prevents

coupling to the power supply or other pieces of equipment.

.E. The physical location of electronic circuits is an Important design

consideration. Theoretically, ali circuits employing a common power supply

should be located as close together as practicable. This arrangement often

minimizes or eliminates interference problems before they arise: inter-

ference can be contained within a small area, the number of suppression

components and amount of shielding can be reduced, and long lengths of

shielded cable can be eliminated. Figure 3-97A illustrates a power supply

which is isolated from its load. The interference control measures con-

sist of two shielded cases, filter, shielded cables, and an internal case

partition. When the power supply is located close to its load (fig. 3-978),

the only interference control measure required is one shielded case.
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3-17. Supply Circuitry

a. The components normally used in powor supply circuitry, such as

rectifiers, diodes, and thyratrons, are prolific sources of interference.

Rectifier circuits generate broadband and power-frequency interference;

the broadband interference is generated during the switching process

of the rectifiers, and power frequency interference is generated by the

associated transformers and choke coils. Section 1 of this chapter gives

a detailed description of rectifier interference. Gas-tube and rf circL,

usually produce high levels of interference in power supplies. When gas

diodes and thyratron rectifiers are used, interference arises from two

distinct effects: the steep voltage and current wave-fronts asso *atee

with the firing (ionization) cycle of the tubeand the plasma oscillat "

during the discharge. The external effects of both types of interferenc

can be minimized by shielding the tube or the complete circuit and by

rf filtering. The rf filtering 'is used in addition to the heavy low-

frequency filtering of all leads.

b. Radio-frequency circuits comprise free-running oscillators and

sharply resonant circuits triggered by pulses. In both cases, the

oscillator output is amplified and then rectified and filtered. The

interference consists of rf energy which radiates out from the tube,

transformer, and other components and is conducted along connectins wir

Where it Is impossible to avoid the use of rf high-voltage rectifiers, t

Interference must be confined to the power supply itself by proper and

adequate shielding and filtering.
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Section IV. CONTROL CIRCUITRY

3-18. General

Control circuitry that utilizes electrical, electronic, or mechanical

switching devices can produce considerable amounts of broadband inter-

ference throughout the electromagnetic spectrum. Such interference is

generated during the transicnt (electrical) stace immediately following

an abrupt .h;nge in a control device. Although the various types of

circuits described here all reduce generated interference, there are no

specific design procedures that can be followed which will guarantee

complete interference suppression. There are an unlimited number of

interference reducticn circuits -at can be used. For complicated

interference reductirn problems, it is often more expedient to apply

filter networks instead of experimenting with interference reduction

circuits.

3-19. Over-All Interference Reduction in Switch Circuitry

a. Under normal operating conditions, the establishment or inter-

ruption of current flow through a switch cannot be achieved in a smooth

transition between the two steady states. Upon switch closure, final

establishment of firm contact is preceded by an interval of premature

electrical closures, or bridging, between the contacts. At the very

first instant of current flow, the circuit inductance resists any change

in current, and extremely high voltage is built up across the switch

gap at a very rapid rate. This voltage creates an electric field intense

enough to melt the contact sturfaces of the switch electrodes and draw

a molten metallic bridge across the gap. This same high-field condition

arises during the initial phases of switch opening in the interval when

the contacts are in very close proximity. In this case, numerous closures

result before final interruption uf the currunt is ach!eved. In addition,

when a switch Is opened la an inductive circuitthe transient voltage

appearing across the switch gap may be sufficient co cause arcing and a

gaseous discharge, referred to as glow discharge, or sawteeth.
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b. . S~i tch- gene rate ( : nterf,-renc;,; re r I e-L-d 10 Lhrue CauL1e.;. :,igh-

voltage 3aeous discharges (sawt.'), I ow-vc'taje, hi c1-fel J L-1'-KdcW1u3

(bridging); and current chanSes be*A !en the two 5t3ady-s -te , Th

hi gh-vol tage sawteeth, when present. produce more 7nterferar-r. iý-in rw

other caises combined thircurhout the enw're frequency rar~ge f4(xn 15 k.

to 1000 nic. There is a broad FeaK in the spectral distribut!or, of '.h.

interference caused by these sawteetO that occurs in the regioi o" a

fiw megacycles for commnn values of cirZuit parameters. The bridying

has a negligible effect at the lowest frequencies, but irncrea~es in

relative importance with frequency until, at 1000 mc, it ;s nearly as

great a sour .e of interference as the sawteetn. The change of current

between the two steady-state values yields its greatest contribution to

interference at the low-frequency end of the spectrum (fig. 3-98).

c. In reducing interference, first consideration should be given to

elimination of high-voltage sawteeth because of the great amplitude and

wide spectral distribution of the interfererce associated with these

discharges. This is accomplished by employing an interference reductiu

device that prevents the voltage across the switch gap from exceeding tI

value required to initiate a glow discharge (approximately 300 VOiLq).

To eliminate the formation of bridges, It is necessary to prevent the

electric field between the contacts from exceeding a critical value

(aporoximately 5 x 106 volts-per-inch for untreated contacts). Bridge

elimination may be *ccompl!shsd upon switch opening by mechanically

Increasing the speed of separation of the contacts, and by electrically

decreasing the rate of build-up of the potential across the cotact ga-.

It is Impossible to alter the changing load current between 1he two

steady-state values without affecting normal operation of the circuit;

however, interference may be effectively contained in the regions of tht

switch and load side of the circuit by inserting filters in the externa

power supply leads. A good interference reduction circuit should:

1) Retard the build-up of voltage across the gap during the init

period of contact separation to minimize bridging reciosures

3-160



S160I"

L&J
U

L-.

10

so.

INEFEEC CASE 2Y T0E TRASIO DECOD

OWE STEADY STATE TO THI OTHER

ADDITIONAL INTERFERENCE CAUSED BYE L ) LOW-VOLTAGE BREAKDOWNS (BRIDGING)

ADDITIONAL INTERFERENCE CAUSED BY

HIAN-VOLTAGE FRENKDOWNS (SAWTEETH)

Figqjre 3-98. Sunmmary of Switching Interference Phenomena

3-161



2) Limit the peak voltage across the switch gap,upon opening, to

eliminate gaseous discharges

3) Limit the surge of current through the switch, upon opening or

closing,to minimize sharp wave-front transients

d. In designing an interference redLction circuit, two steps should

be followed: selection of the circuit and determination of the values of

the components in the selected circuit. In circuit selection, it is

usually necessary to make a trade-off between interference reduction and

other considerations, such as the allowable decay time of the load curren

ease of installation of the interference reduction circuit, physical size

of the interference reduction components, and adaptability to the power

supply. The circuit that gives the greatest interference reduction, a

resistor in series with the switch and a capacitor in shunt with the swir

resistor unit, will extend the decay time of the load current upon switch

opening. The capacitor often becomes physically large when the energy

stored in the inductive field of the load is great. The rectifier-bias-

battery circuit, which has a very small decay time, gives poor interfere--

reduction because It cannot reduce bridging. The load-shunt diode circui

as shown on figure 3-99, changes the circuit decay time.

1ýSWI T04

R

E LOAD-SHUNT +

DIODE

INt.212-92

Figure 3-99. DC Switching i,-terfirence Reduction By Load-Shun. Diude
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e. After selection of the interference-reduction circuit to be used,

component values must be sel~..ted, based on a knowledge of the supply

voltage, load current, load inductance, and frequency of switching. For

example, for a capacitor placed across the switch, the valLe of the

capacitance is determined by the current value and the load inddctance --

supply voltage and frequency of switching not being important factors.

It is necessary that such a capacitor be able to store temporarily all

of the energy previously contained in the load inductance without the

voltage across the capacitor exceeding the glow discharge value of approx-

imately 300 volts (C>L(1/300) 2 ). in the load-shunt diode circuit of

figure 3-99, the voltage at which the knee in the reverse characteristic

occurs must exceed that of the supply. The diode need dissipate only a

fraction of the total energy stored in the load, as most of it is dissipated

within the load resistance itself. For rectifier applications, a con-

servative selection of the diode requires an average current rating equal

tc the load current to be interrupted. In applications of low-duty cycle,

the diode may be up-rated by a sizeable factor. In ac applications, when

back-to-back diodes are used, most of the stored energy is dissipated in

the reverse diode. This diode, therefore, must be selected on the basis

of heating. If the duty cycle is high, it may well be that this diode will

have (for this application) a current rating that is less than its normal

rectifier rating.

3-20. Interference Reduction Component Characteristics

a. Inductors. There is very little advantage in employing a single

inductor, in series or in parallel, as an Interference suppressor. Placing

an additional inductor In series with a circuit is undesirable because it

serves only ao increase the inductliely stored energy that must be accommo-

dated upon opening of the switch. Shunting of any of the three basic circuit

elements by an Inductor is also useless in reducing the severity of the

disturbance that takes place within the switch gap upon opening of the circuit.

Placement of the inductor across the switch prevents normal operation of the

circuit because it becomes impossible to reduce the load current to zero.

Placement of the inductor in parallel with the load serves only to increase
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the inductively stored energy and, consequently, the current which the

switch must interrupt. Placement of the coil in parallel with the source

causes excessive current to be drawn from the supply (depending on the re.

sistance of the inductor) and does not affect the nature of the phenomena

that occur within the gap. An inductor can, however, be used in conjunct

with other components in forming an interference-reduct'ori circuit.

b. Capacitors. Retardation of gap voltage builId-up upon opening of

switch may be achieved by connecting a capacitor across the switch or ac,

the load. By choosing a sufficiently large capacitance, the rate of swit

voltage build-up may be reduced to any desired value. Su.:h a capacitor

however, may present serious difficulties with regard to the other re-

quirements (table 3-5). Limitation of peak voltage to a value that will

not cause gaseous discharge requires that the capacitance be sufficiently

large to accommodate all of the energy which, prior to the switch openin,.

was stored in the inductive field of the load. With loads having large

inductances and large operating currents, the required value of capacita.,

may be far too large for practical application. The third requirement ci

table 3-5 is not satisfied with either positioning of the capacitor. C!L

of the switch results in a very large discharge or charging current, witr
the consequence that contact erosion is very rapid. In addition, if the
capacitor is placed across the load, this very large peak of current must

flrow through the supply wires and may be a source of interference to adja

circuits. With the capacitor placed across the switch, this surge of cur
is confined to the small loop consisting cf switch and capacitor only. T
Interference from the supply wires is reduced, but contact erosion is sev

c. Resistors. Some reduction of Interference may be accomplished by
placing a linear resistance across either the load or the switch. In prz

there is a lower limit to the value that this resistance may have for bot
these positions. With the resistor shunted across the switch, a lower 11

is placed on the load current since opening the switch will no longer red

the current to zero. On the other hand, this resistor, when placed acros
load, becomes an additional wasteful load that the source must supply whe
ever the switch is closed. The gap voltage is also the peak value of the
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TABLE 3-5. COMFARISON OF INIERFERENCE REDUCTION COMPONENTS

Re -u I remen r s

Retard Limit Minimize
Components Plae ment Build-up Peak of Sharp Wave

of Gap Gap Front
I Voltage Voltage Transients

Capacitor -.......

Si th G A P

Linear Load P A A

resistor Switch P Ad G

Semiconductor Load P G Ab

diode Swit,:ha P G

Back-to-Back Load P G Ab

diodes Switcha P G Ab

Capacitor Load Capacitor is superfluous
and diode

- . - Switch G Ac 1
Series R A A
shunt C

Coupled - Gd AsecondaryA

Diode and Load P G Ab

battery

Switch P G G

Composite G G ACircuit
* Composite G G j GCi1rcultt

"G - Good A =Intermediate P - Poor

a = Diode must have knee at voltage greater than that of supply

b = Determined by inherent shunt capacitance of diode

c - Capacitaoce must be sufficiently large

d = Resistance must be sufficiently small
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potential that appears across the opening switch. To avoid gaseous

discharges, this voltage should not exceed a value of 300 volts. If

placed across the switch, the gap voltage is equal to the product of

the resistance and the interrupted current. When placed across the

load, the gap voltage is equal to the sum of the supply voltage and

the product of the interrupted current and the suppressor resistance.

Thus, an upper limit is imposed on the allowable range of values for

the resistance. Placing the resistor across the switch will have less

of an adverse effect because no surge of current can occur upon clo-

sure of the switch. Instead, the current through the source, switch,

and load builds up exponentially because of the load inductance. Witn

the resistor across the load, the :ource and switch current immediately

assume the value drawn by this resistor from the source. While this

current may be large ard may begin to flow abruptly upon switch closu,-

it is less severe than the large impulse of current that will flow if

a capacitor is substituted for the resistor across the load. When a

resistor is placed across a switch in series with an inductive load,

it is possible to generate a strong sawtooth voltage. If there is

feedback anywhere in the circuit, sustained interference may resuit.

d. Diodes and Varistors. Devices with nonlinear resistance-voltage

characteristics, such as diodes and varistors, are useful ccmponentu for

interference-reduction. A diode has low forward resistance ard high

reverse resistance. Consequently, it may be used to present either a

short-circuit or an almost infinite Impedance, depending upon the

direction of current flow. A varistor conducts well at high voltage

but not at low voltage. It is a nonlinear resistance which is very high

at low voltage, but drops to a very low value at hiah voltage. The

function of either a diode or a varistor in an Interference reduction

application is to provide an alternate shunt path for the induced current

that presents a lower resistance than the contact gap.

(1) DC Circuits. An effective interference reduction element is

the diode shown on figure 3-99. The diode is inserted in the

circuit so that its polai-ity opposes that of the impressed
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voltage. The 1 2 R loss (RD is the resistance of the diode)

through the shunt clicuit is small. For maximum interference

reduction, the diode should be installed as close to the

offending element as possible, preferably by incorpcrating

the diode into the relay coil or solenoid unit. Including

the diode as an integral part of the load automatically

builds interference reduction into the switching circuit,

independent of the switching contacts used. If it becomes

necessary to replace the contacts, interference reduction

is not disturbed. In this position, negligible current

flows through the diode under steady-state conditions, but,

when the switch is opened, the diode provides a low-resistance

circuit through which the inductive current may flow. The

peak voltage appearing across the switch is thereby limited

to the sum of the battery voltage and the forward drop of

the diode. By choosing a diode with a low forward resistance,

the forward drop of the battery can be made very small, so

that the voltage across the switch is essentially just that

of the battery. This circuit is very effective In providing

the complete elimination of all high-voltage, sawtooth dis-

charges; It is Ineffective in retarding the gap voltage build-up.

A second method of using the diode Is shown on figure 3-100.

This circuit requires that the diode possess a sharp knee in

Its voltage-current curve at a voltage value that is equal to,

or somewhat greater then, the supply voltage so that the steady-

state current through the load will be essentially zero when the

switch is open. Th- iper location of this knee can be otralned

by us;ng a suitable Zener diode.

(2) AC Circuits. Components consisting of two similar diodes placed

back-to-back are commercla!ly available as a single unit. No

matter how the unit Is employed, the voltage-current characteristic

of such a unit is determined primarily by the reverse diode.

When placed across the load, the back-to-back unit Is inferior to

the load-shunt diode interference reduction circuit in that it does
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SWITCH

1+

SWITCH-SHUNTR
- DIODE

L

IN1212-93

Figure 3-100. DC Switching Interference Reduction By Switch-Shunt Diod-Z

not limit the overshoot in the gap voltage to as small a value.

Bridging is therefore more prevalent. Because the-unit is in-

sensitive to the polarity of the supply, it is not necessary

to check polarity when installing it in either an ac or dc

circuit. Two diodes are used, as shown on figure 3-101. Each

diode inhibits current flow from the source voltage when its

polarity opposes that of the source. When the contacts are

opened, one diode, depending on the polarity of the source at

the instint switching occurs, will limit the peak driving

voltage of the coil. The stored energy of the coil is dissi-

pated in the resistance of the rectifiers and in the coil itself.

SWITCH

R

D

E cos oc t AC-T-BAC Dim s

D
L

IN1212-94

Figure 3-101. DC Switching Interference Reduction By Two Diodes
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(3) Methods of Connecting Diodes and Varistors. Several arrange-

ments of diodes and varistors for interference reduction are

illustrated on figure 3-102. Circuit A shows the diod,- qcoss

the load in such a way that, when the relay contact is closed,

it conducts and causes high battery drain. It has high re-

sistance when the relay contact is open. This location is not

a good one for a diode. A varistor would be more advantageous

because it would conduct at high induced voltage with rela-

tively low battery drain at normal circuit voltages. Circuit

B results in low power consumption and minimum heating. The

low resistance is in the direction of surge current so that it

is a better arrangement than A for interference reduction. A

6!ode is more effective than a varistor in thas position be-

cause it conducts at a lower induced voltage. The battery

drain under steady-state conditions is the same as with cir-

cuit A when using a varistor. Circuit C presents a high re-

sistance to both the supply and induced v tages. Some power

is lost at all times when the circuit is cen; therefore, this

is not a satisfactory position arrangement Circuit D causes

high power consumption, and the circuit I! never completely

open. A diode, capable of dissipating the power under re-

peated operation, allows about 20 percent of normal current to

flow at all tinws. A varistor can be used here; it would re-

duce the steady-state power drain. Circuit E minimizes delay

In voltage decay for special purposes and can be used in both

ac and dc circuits because it blocks voltages in both direc-

tions. It Is required that the knee in the diode curve be

above the normal circuit voltage. This arrangement provides

low power loss when the circuit Is open; there is an increase

in power loss when it is closed. Circuit F is very useful
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because it dissipates little power under steady-state conditions,

and none when the circuit is open. It is very effective in inter-

ference reduction when the same design factors specified for cir-

cuit E are employed.

E

SWI T04

+ PII
+•A B F'

POWER
SOURCE

L

* CAN BE USED FOR AC CIRCUITS IN•212-6-

Figure 3-102. Methods of Connecting Diodes and Varistors
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(4) Application Guideline-. When designing ;nterfererce reduction

circuits using diodes or varistors, the following desiin guide-

lines shouod be considered:

i) When using a single diode, the rectifie,' current-rating

should be equal to the load current wAen repeated cycling

is necessary

2) For intermittent use, a rating equal to one-half of the Ic-'

current is usually sufficient

3) Peak inverse-voltage ratings of silicon and germanium diodes

should exceed the supply voltage by at least 20 percent.

For selenium diodes, a lower safety .actor is iinormally

satisfactory

4) Back-to-back diodes may be used for ac circuits. The peak

inverse-voltage rating must exceed the supply voltage

5) When using varistors, the characteristic curve resistance

knee must be above the supply voltage, and *he heat dissi-

pating area must be designed sufficiently large

3-21. Interference Reduction Circults

a. Series Capacitor and Resistor. Contact erosion, arising from thF

use of capacitors, can be alleviated by the addition of a series resistor

(fig. 3-103). The value of this resistance must be one of compromise.

Because the voltage that appears across the switch immediately upon open-

ing is equal to the product of this resistance and the interrupted current,

this resistance should be low. On the other hand, a large value of re-

sistance is desirable to minimize the cointact erosion upon closing. While

the IR drop does allow some bridging to occur, a sufficiently large value

of capacitance will eliminate all high-voltage sawteeth. The values of

resistance and capacitance should be empirically chosen from the results

of test data to give a minimum of Interference.

b. Series Capitor and Nonlinear Resistance. The series capacitor

and resistor can be improved by shunting the resistor with a diode, as
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shown on figure 3-104. This action permits the achievement of the

desired low-resistance value for a switch openihg and the desired

high-resistance value for switch closing. For rniaxmum effectiveness,

it is necessary that the capacitor completely' .i. -rge during the

closed interval of the switch, or bridgin9 Aill cczur whon the switch

is abair opened. It is therefore necessary to maintain the linear

resistance in shunt with the diode tc assure that the initial condi-

tion is maintained-

c, Typical Resistance-Caacitance Circuit. A very effective

circuit, shown on figure 3-105, consists of a resistor placed in

series with the load circuit and a capacitor in parallel with the

series combination of resistor and switch. This circuit is simila.

to the series capacitor-resistor combination. Because the resistor

must carry the normal load current with a negligible voltage drop,

there is a practical limit to the maximum value of the resistance.

(This requirement is In addition to those imposed by the interferenc-

reduction considerations.) In practice, this circuit is much mcrz

effective in reducing noise than the series capacitor-resistor unit.

Whatever disturbance is produced is largely confined to the switrh-

resistor-capacitor loop. This circuit not only altf, rs the phenomen&

occurring at the gap, thereby functioning as an interference reducer,

but also provides containment for the interference which is produced.

d. Special Interference Reduction Circuits. Special interference

reduction circuits are those that deviate fron the basic circuit of

switch, supply, and load, all connected in series.

(1) Parallel-switch circuits. A parallel-switch circuit that

employs an Inductive load but exhibits an interference

spectrum characteristic of a resistaoce load is shown on

figure 3-106. Consideriog the circuit in a steady state

with the switch bnitaily ir the opeo• pcs:tion, the current
(IL) Plrouqh the load inductance (L) and the source current

(IS) are identical. The voltage drop (Vs) across the

switch is one-halF of the source voltage (V). When the
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9Wl TC4
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rFig~re 3-101. Seirlas Capacitor and Res~stor Circuit.
to Reduct Contact Erosion

SWIT04

C R

DIODE

IN1212-97

Figure 3-104. Interference Reduction by Series Capacitor
and Non-Linear Resistance

SWI T04

C N1ig-98

Figure 3-105. Interference Reduction by Series Resistance
and Parallel Capacitance
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switch closes (assuming that no bridging or bouncing of the

contacts occur), the switch voltage (Vs) drops immediately to

zero; the source current (I s) abruptly rises to a new value

equal to twice the original, as a step function; and the in-

ductance current (I L) decreases, in an exponential manner,

to zero. If the existence of bridging is ignored, the opening

of the contacts results in the source current (which is initi-

ly zero because of the load inductance) immediately becoming

equal to the load current. This current then exporentially

approaches the constant operating value. The accompanying

switch voltage irnoiediately assumes a value equal to the full

supply voltage upon opening of the switch, ane then decays

exponentially to a value of one-half that of the supply.

cycle of events is depicted graphically on figure 3-107. Tht

parallel-switch circuit has essentially the same interference-

producing mechanism as the more conventional series-switch

circuit with a purely resistive load. In both cases, step

functions of switch voltage and circuit currents exist, and

there is the possibility of bridging and arcing. In neither

case, however, can high-voltage gaseous discharges occur.

(2) Coupled Coils. In a series crcuit consisting of a dc source

a switch and an Inductive load, violent circuit readjustments,

that result in interferenc4occur during the opening of the

switch. The energy stored in the magnetic field of the in-

ductance tends to maintain the flow of current through the

opening switch. This readjustraent may be facilitated by

providing an alternate closed path through which the col-

lapsing'magnetic field can cause the current to circulate

(fig. 3-108). In such a circuit, the optimum value for the

coefficient of coupling, k, is unity. If k has any other

value than one, there will be a primary leakage inductance

that will tend to maintain the flow of current in the primary

loop when the switch is opened. It is thit current which

should be eliminated. A transient analysis of this circuit,

3-174



.1+ 

is.

- Vvs

IN1212-99

Figure 3-106. Parallel-Switch Circuit
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Figure 3-107. Waveforms for Parallel-Switch Circuit
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R1 = RESISTANCE OF RELAY COIL,,1H.I IS
THE LOAD OF SWITCH S

L= -- INDUCTANCE OF RELAY COIL, WHICH IS

TýT LOAD OF SWITCH S

R2 = RESISTANCE OF COUPLING COIL

L2 = INDUCTANCE OF COUPLING COIL IH12i2-i01

Figure 3-108. Interference Reduction by
Coupled Coils
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for all values of the time following opening of the switch,

shows the voltage across the primary winding (v 1) to be given

by:

v! (t) - -(RLI/L 2 ) i(O)eRt/L2 - -R(N I /N) 2il(Oe (-48)

where: i!(0) - the value of the interrupted supply current.

The corresponding expression for the current in the secondary

loop is given by:

i2 (t) - (L /L 2)l/ 2 i1 (0-)e'Rt/L2 - (NA/N2)i(O-)e'Rt/L2 (3-49)

Equation 3-48 shows that, if the factor R(NI/N 2 ) 2 is made to

approach zero (either through the choice of secondary resistance

or of turns ratio), the voltage across the primary winding will

approach zero; and the voltage across the switch will be that of

the supply. This circuit exhibits the characteristic of a re-

sistance load in the no high-voltage sawteeth are likely to be

present. An analysis of the behavior of this circuit, when the

switch is closed at t - 0, shows that the current in the primary

circuit is given by the following:

iI (t) - (V/RI) ( I - RL/RLI + RIL 2 ) e'RRI t/(RLI+RIL 2 ) (3-50)

The current iI (t) consists of an Instantaneous rise (at t - 0)

of v/(R I + LIP,/L 2 ) or V/(R I + R(NI/N 2 ) amperes, followed by an

exponential rise to a steady-state value of V/R I amperes. To

redLce the severity of the Interference accompanying the closing

of the switch, the height of this rise at t - 0 should be mini-

mized. This may be accomplished by making the term R(NI/N 2 )2

as large as possible. This requirement, however, Is in direct

opposition to the requirements for maximum interference reduction

upon opening of the switch. It should be possible, nevertheless,

to select a compromise value for this term that would make the
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opening and closing interferonce levels equal and permit a

degree of interference redliction. Another possible solution

to this conflict of requirements for the R(NI/N 2 )2 term is

to replace the resistor, R, by a diode to present a low-

resistance value to the opening transient ýurrent and high

resistance to the closing transient current. This is poss-

ible because these two transient currents flow in opposite

directions in the secondary circuit. Such an arrangement

is illustrated on figure 3-109.

SWI TCH 9

- DI+I

Coil wit Diod

IN1212-102

Figure 3-109. Interference Reduction by Coupled
3oll with Diode
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(3) Bias Batteries. In dc inductive circuits, reduction of

arcing at contacts can be achieved by employing bias batteries,

or their equivalent, in addition •o nonlinear rcsistances

or diodes. The primary advantage of these circuits is that

the diodes need dissipate but an incidental portion of the

inductively-stored energy; the diodes may therefore have lower

electrical ratings and be of smaller physical size. Six vari-

ations of this type of circuit are shown on figure 3-110. Cir-

cuits A and B are essentially the same: one employs a tapped

inductive load and the other a load with a closely coupled

second winding. The dc source in each case also serves as

the bias battery. Circuit C employs a simple load winding,

but requires a separate bias battery. Circuit D is similar

to C, except that the tapped winding allows greater freedom

in selection of the bias voltage. Circuit E is applicable when

the switching occurs at a reasonably rapid and constant rate

so that the repeated transient currents through the rectifier

build up a nearly constant bias voltage across the parallel

resistor-capacitor combination and eliminate the need for a

separate battery. Circuit F is adapted for loads that are

supplied from an ac source. The basic circuit that applies

for all values of time following the opening of the switch is

shown on figure 3-111. In this circuit, the voltage source

shown is the bias battery, and not the source that originally

energized the load; I° represents the initial value of the

circuit current and is equal to the interrupted load current

for circuit C. For purposes of analysis, the forward re-

sistance of the diode is assumed to be a constant, RR., and,

when added to tho load resistance, RL, is given by R. The

back resistance of the diode is assumed to be infinitely

large. The circuit for the solution of L(t), for as long as

the current continues to flow in the opposite direction to

the reference, is shown on figure 3-112. The solution for

i(t) (fig. 3-112B) can be expressed as:

i(t) M - (4 + Io)e-(R/L)t for O<t <tI (3-51)
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Figure 3-112. Equivalent Circuit and Plot of Current Decay
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where: i(t) - 0 for tI <t; and t - the time at which the cur-

rent passes through zero and the diode becomes an open circuit,

thus preventing any further current flow. The value of tI may be

obtained from:

i(t) =0 - (0 + I) (R/L)t1  (3-52)

and shown to be:

II I R

t R! In (I + -) K In (I + - (3-53)

From th:s relation tor tI (the time required for the load currer-

to decrease to zero valud, it can bt- seen that increasing the b"

voltaqe, materially decreases this time interval (fig. 3-113). '

instance, if the bias voltage is equal to thc. product of the nor,

load current value and the circ:uit resistance -- which is usuall,

slightly larger than the supply voltage -- the current ceases

after 0. 6 j time-constant. The fraction of the inductively store

energy that enters the bias battery may be determined as follows

oL t d ftl[ - j + i)} e-(R/L't]

Energy to battery - . Lo

1/2 L 10 1/2 L 1

-2E 2t [L 2=f
5I 2 + el 1 + 2 22 + R I

RL [ 0 2 1 2  R Rio

'O I,1 22 . ° -In (I + - -In 0 +
1I 2 A2 L E 1 R\ 2 [_

0

I R
This ratio is shown on figure 3-114. Ab 0 is decreased to

E
zero (accompl~shed by Increasing the bias voltage with respect

to the IR product), the fractior. of the energy absorbed by the

bias battery increases toward unity, and the portion dissipated
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in the load resistance and the rectifier decreases towards

zero. Because the function of such an arc reducer is to

prevent the occurence of large transiert voltages across

the switch contacts upon opening, and because the effect-

iveness of this limiting is dependent on the forward resis-

tance of the diode, it is necessary to consider this aspect

of the diode as well as its energy-dissipating capabilities.

Considering the circuit shown on figure 3-1IOC, the voltage

that appears across the contacts immediately following the

switch opening is the algebraic sum of the source voltage,

the bias voltage, and the. forward voltage drop of the diode.

This sum must not exceed approximately 300 volts if gaseous

discharges between the contacts are to be avoided. To min-

imize this abrupt rise and the resulting interference, a

rectifier having a low forward resistance should be used,

and the bias battery eliminated.

(4) Comoosite Interference Reduction COmlWnents. Interference

reductlon can be obtained by using simple components in com-

bination. Two composite arrangements are shown on figure 3-

115. As each of the simple suppressors has some deficiency,

it may be desirable to consider whether, when used together,

each can supplement the other to Improve over-all perfor-

mance. It is usually easier to use an interference filter

instead of a composite reduction circuit. To prevent the

voltage across the switch from having an excessive peak

value during opening of the contacts, the capacitor may

have to be large. The required value of capacitance can

be calculated from the circuit paramet-ars. If, for instance,

the load current is 3 amperes, the load inductance is 10

henries, and 300 is the maximum allowable voltage, then the
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calculated value of capacitance is;

C - L(I/V)2 = 10(3/300)2 - 10-3 farads - 1000 pfd (3-55)

The value of the capacitance (C) In composite circuit A on

figure 3-115 is also a factor in determining the low-voltage

breakdown or bridging. For larger capacitance values, the

voltage build-up across the contacts upon switch opening is

slower, and consevusntiy, the electric field intensity

within the gap is less. This consideration is a second fac-

tor in the selection of the value of this series capacitor.

Under some circuit conditions, and with a fast opening

switch, the value so determined will be less than the capa-

citance required to limit the peak switch voltage to a value

lower than the breakdown potential of the surrounding gases.

The procedures for determining resistance and diode charac-

teristics are the same as described. The component arrange-

ment of circuit A minimizes the formation of bridges, but

is incapable of reducing sawteeth; the component arrange-

ment of circuit B all but eliminates the sawteeth. Compo-

site circuit B is a modified configuration. Here, circuit

A is designed to minimize bridging, and circuit C is used

on the sawteeth. Table 3-5 compares the ability of several

circuits to retard the build-up of gap voltage, limit the

peak of gap voltage, and minimize sharp wave-front transients.

Table 3-6 compares the general Interference reduction char-

acteristics of components. The factors affecting the deter-

mination of component values are summarized in table 3-7.
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TABLE 3-6. GENERAL INTERFERENCE REDUCTION CHARACTERISTICS
OF COMPONENTS

Ci rcui t +I

Suppressor -- ,,
Feature

S_ _

Maximum Good
Interference Best Good to Poor Good Poor

Redur tion Poor

Mi ni mum
Decay Poor Good Good Good Good Best
Time

Ease of Poor
Adding to Fair Best Best Good Fair (Naed for
Circuit Battery)

Size of
Components SmalI Smell Small Small Smali
For Small

1/2 Li2  Doeoends On

"las
Size of Battery

Components Large Moderate Moderate Small Large
for Large

1/2 LI
2
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TABLE 3-7. DETERMINATION OF COMPONENT VALUES

Suppressor SupplyV Voltage Load Current Load Inductance
Circuit s (I) (L)

Reversed diode must dissipate all of

Across Voltage for reverse stored energy. Select on heat basis.
knee must exceed If duty cycle is high, current rating

Switch supply may be less than normal rectifier rating

Knee 4 300 V

Load Same Same Knee < (300-V S)

Diode must dissipate only a fraction of
+ stored energy. Diode with rectifier,

average-current rating equal to load
Same current is conservative. If duty cycle

is low, normal rating of diode tý y ba
increased by a factor up to t, i.

Should have low In practice, no
forward resistance effect. Diode, se'

D D No effect ected on rf basis,
SRf• i/I could carry load

current indefinitely

C R C No effect C S L(1/300)2 to eliminate sawteeth

".. R No effect Must completely discharge C during
switch-closed Interval. R = T*/5C

Voltage for re- Rf must be less If Vb is large (to
verse knee must then: reduce decay time),

+ exceed: diode selected on
Vb + V sb carry load current

SI indefinitely. No
-J.. effect of L

T b 
I 

I__ 

_ _ 

_ _ _ _

"If "slugging" is to be minimized, then 'o should be maxi-
Vb mum possible and still keep gap voltage less than 300 V:

V s + Vb + I Rf C 300 V

C No effect C Z L(1/300)2 to eliminate sawteeth

R - value which
_. R No effectproduces maximum No effect

SR No effect allowable voltage
, _ _ _ _ _ __ _ _ _ __ _ _ _ ___ regulation

* T - duration of closed Interval
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3-22. Electron Tube Control Circuits

a. Vacuum or gas-filled electron tubes are often used to produce

switching actions or to control switching circuits. In some applications,

the generation of harmonics is desired, or essential, to the operation

of the power or control system. Harmonic generation, however, also gives

rise to interference.

b. Electron tubes are generators of nonsinusoidal waveforms and are

widely used as pulse generators, modulators, or oscillators in chopper

circuits. The greater the power output of these control devices, the

more difficult it is to keep the harmonic content and interference under

control. If gas-filled diode tubes are used, interference increases as

tube conduction increases. Less interference and more flexible control

may be achieved by using a vacuum triode and applying a control voltage

to the grid instead of relying entirely on the plate voltage to cause

breakdown (switching action). Gas tubes usually permit more precise

conduction control.

c. In control systems using thyratrons, the interference source is

usually located in the tube. Inserting filters in the thyratron plate

circuits, as close to the plate terminal as possible, will reduce con-

ducted interference. A choke coil of approximately 15 millihenries, with

a current-car-ying capacity comparable to that of the tube, preceded by

a capacitor (0.1 microfarad) to bypass radio frequency to ground, can

provide up to 40-db attenuation below 50 me. To minimize radiation
V

effects, the thyratron should be physically isolated from magnetic field

effects from other components and should be electrostatically shielded

to reduce spurious radiation from i.ercury vapor discharge. interference,

arising in mercury-arc electron tubes, characteristically consists of

oscillations of several hundred kc supswimposed on a random interference

background extending up to about 5 mc.

3-23. Magnetic Amplifiers

. A magnetic amplifier controls the reactance of a coil by controlling
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the effective permeability of its magnetic core material. In its simplest

application, the magnetic amplifier is inserted in series with the load

impedance of a circuit. As the impedance of the amplifier is varied by

changing the degree of saturation of the core (with a small change in dc,

or properly phased ac current in a separate winding on the same core), the

power to the load is increased or decreased. An unsaturated core presents

a relatively high impedance to ac; ýut a saturated core acts as an air core

with practically no impedance. There are two distinct advantages to be

gained by using magnetic amplifiers as switching-circuit control devices:

Gain control leads are less affected by stray rf pick-up than those of
equivalent electron-tube circuits, and signals, that are too weak to over-

ride shot noise in vacuum tubescan be amplified.

b.. Magnetic amplifiers should be considered as possible sources of

interference. The harmonic content of the output of some magnetic ampli-

fiers is one possible Interference source. The harmonic content depends

somewhat on the amount of relative control used (net ampere-turns of

control signal applied to the control windings). The waveform itself

can generate Interference under certain conditions. For example, a load

connected through brushes and a commutator can cause steep wave-fronts

and high-frequency interference.

c. The amplistat, a self-saturating form of the static magnetic ampli-

fier, has a pulsating dc output. if the amplistat load is inductive, the

current peaks should be smoothed out, but voltage peaks could puncture the

rectifiers used in the device. Such Induced voltage peaks produce inter-

ference and should therefore be controlled by usinlg such circuits as diode

rectifiers. Inductive loads also cause core flux unbalance and voltage to

be induced in the control windings. Induced voltage causes considerable

double-frequency current to flow if the control circuit impedance is low.

The current will then add to, or subtract froin, the operating control

current and Influence the operation of the amplifier. With low-circuit

impedance, the output voltage will be unstable in the low-voltage region;

that is, for certain values of apparent control ampere-turns, the output

voltage snaps up or lown depending on whether the control current is in-
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creasing or decreasing. Such snapping can generate interference. To

eliminate snapping, a large control circuit impedance should be pro-

vided, or Interference reduction circuits should be incorporated at

the amplifier load.

3-24. Transistor Switching Circuits

a. Transistor circuits can sometimes be used advantageously to re-

duce switching circuit interference. Gaseous discharge and bridging

interference at switch contacts can be eliminated by reducing the

switch current to that required for transistor operation. Transistors

also offer advantage3 in reliability, size, anrd weight for many applica-

tions. The design engineer should therefore carefully consider their

use rather than depend solely upon resistors, capacitors, inductors,

or rectifiers. Typical transistor switching circuits are shown on

figure 3-116. Base-to-emitter potential is an important consideration

when using transistors in these circuits. The figure shows that a con-

trolling set of contauts may be inserted in the base leadbor across

the base and emitter terminalsof a common-emitter transistor circuit.

Aecause the floating potential of the base is about 0.1 volt (Vbe with

the base open), almost the entire base-to-emitter supply voltage will

appear across the contacts if they are Inserted in the base lead. If

an auxiliary power supply Is not available and relatively high voltages

are to be switched, it may be advisable to place the switching contacts

across the base and emitter terminals. In this case, the voltage across

the contacts will be the emitter-to-base forward voltage (0.5 to 3 volts).

b. Transistor circuits reduce interference in inductive circuits by

limiting the peak induced voltage when the switching circuit current is

interrupted. The pedk induced voltage usually far exceeds the back-

voltage ratings of the base-to-collector diode of most transistors and

causes an effect known as punch-through, or reverse breakdown. If the

power limits of the transistor are not exceeded, no damage will result

from punch-through. Furthermore, the effect is advantageous because

di/dt is reduced, and the Induced voltage, -L(di/dt), is also reduced.

To take full advantage of punch-through, a transistor with a breakdown
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voltage nearly equal to the source voltage should be used. High-frequency

interference, generated at the load side of the transistor, is then ef-

fectivel' reduced. Interference can be further reduced when a low-in,-

pedance feedback network is used with a common emitter circuit, and the

load impedance is oot less than the base resistance of the transistor.

3-25. Filtering

The classic technique for the reduction of interference generated by

switches is the use of a filter network, consiscing of one or more induc-

tors and one or more capacitors, all mounted within a grounded metal

shield (fig. 3-117).

a. Series inductance bnd Shunt Capaci tance in Combination with Resist-

ance Capactance. Low-pass filters, consisting of series inductance and

shunt capacitance, are effective in reducing interference caused by switch

transients (fig. 3-118). The low-pass network is effective but has the

disadvantage that the surge is not completely eliminated because of the

distributed capacity of the inductances and the Inherent Inductance of the

capacitor leads. Using a shielded enclosure and feed-through capacitors

avoids these difficulties.

b. Shielded Enclosure and Feed-through Caoacitors. When feed-through

capacitors are added to the circuit shown on figure 3-118, the inherent

inductance from line to ground is reduced to an almost negligible value

(fig. 3-119). The resonant frequency of the capacitor also is raised,

and its usefulness for effective bypassing is Increased.

c. Conventional Double-Pi ,lter. An arrangement such as the one

shown on figure 3-120A is ofte effective in reducing interference in an

inductive circuit. The extent of reduction depends upon the nature of

the interference and the capabilities of the filter. The filter's inser-

tion-loss curve should be consulted when a particular filter is required

to attenuate undesirable interference.
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d. Filter, Shielded Leads. and Shielded Switch. An arrangement (fig.

3-120B) that employs shielded conductors, a filter, and a shielded en-

closure is effective in reducing interference in even the most difficult

cases. Whsre a great many switches are used, it is often advantageous to

first filter all leads entering the package and then shield the pac' ge

(fig. 3-121). See section 2 of this chapter for a detailed discussion of

filter networks.

A. CLOcK A$SS LY.

9. TRANSFER RELAY,.H21-1

Figure 3-121. Application of Filtering and Shielding
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Section V. RECEIVERS

3-26. General

Basically, interference problems in receivnrs may be reduced to two

major areas: (1) undesired responses and (2j undesired emissions. Un-

desired responses encompass two general areas or characteristics: suscep-

tibility and spurious responses. Undesired emissions include unwanted

signals or interference generated within, and propagated from, the recei-

ver.

a. Susceptibility is normally defined as the characteristic of a re-

ceiver to respond to signals entering through paths other than through

its antenna circuit. Spurious responses are defined as the response of

the receiver to signals across its antenna terminals at frequencies out-

side its pass-band and are usually expressed in terms of db above the re-

ceiveris normal sensitivity. While much can be done and is being done in

military equipments and systems to reduce interference at its source,

operational requirements frequently make it necessary for receivers to o-

perate in the presence of high level signals from transmitters in the

Immediate vicinity. Therefore, the susceptibility and spurious response

characterisitics of a receiver are of vital importa.. e if its operational

purpose and capability are to be maintained.

b. The spurious response and susceptibility characteristics of a re-

ceiver are affected by operating frequency, linearity, type of circuits,

(I*: superh-t, crystal video, etc.), bandwidth, sensitivity and other

factors. Physical design and layout, particularl, In the "front end",

are a most important consideration. Coupling between Internal and ex-

ternal circuits, as affected by placement of components, Isolation be-

tween wiring and circuitry, circuit shielding, decoupling and filtering,

are major factors relative to susceptibility. There are four basic paths

through which an undesired signal cad enter a receiver. They are illu-
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strated in simplified form In figure 3-122 as foliows:

i) The antenna system

2) Power and control circuits

3) Interconnecting and output circuits

4) Case penetration

Conversely, interference generated within a receiver may be propagated

through these same paths;and many of the measures and techniques which

minimize £Purious responses and susceptibility of a receiver will also

serve to attenuate or contain interference generated within the recei-

ver. Interference generated within a receiver must also be minimized,

or contained, to prevent interfering with other nearby receivers and, in

tactical operations, to avoid detection by the enemy. Under favorable

conditions, receiver local oscillator radiation may be detected several

miles away.

c. Many interference and susceptibility problems in receivers could

be readily avoided In the design, .f only some thought is given to the

fact that the signals are not confined to the signal paths indicated in

the schematic diagram. It is necessary to design Into the receiver the

physical confinement of both the Internal and external signals. The

representation of figure 3-122 Illustrates, in the very simple case, var-

lous paths by which undesired signals may enter a receiver. These same

deficiencies permit propagation of local oscillator, and if signal energy

out of the receiver. Figure 3-123 similarly Illustrates certain basic

Interference reduction measures applied to a simple receiver.

d. In analyzing a receiver design, each component, each circuit, and

each lead must be viewed with suspicion as to its capability to propagate

or accept unwanted signals. Having this concept or philosophy in mind,

the designer will often detect and resolve many potential Interference

problems. Interference problems In receivers, which must be taken into

account in the basic design as well as in actual layout and fabrication,

may be summarized as follows:

3-199



I-

tt

-1Q

z IL 00 I

4L.4

in u.

P- 
T

3020



I .4W

N

#A

1w

00

wI 3

II. - -

I II

sou7

S 0 201



(1) Interference generation

(a) Broadband Interference generated by solid-state power supplies,

relays, and other switching devices. (Suppression techniques

for these devices are covered in other sections of this manu-

al)

(b) Video signal radiation and conduction via power and other lines

(c) Local oscillator, fundamental and harmonics, radiating from

antenna, housing or wiring

(d) Intermediate frequency signals and harmonics

(2) Susceptibility

(a) Conducted signals at rf, if, or image frequencies through

power circuits, signal output circuits, control or other cir-

cuits entering or exiting receiver housing

(b) Radiated susceptibility, due to shielding deficiencies allowing

signals to enter receiver housing, shielded interconnecting

cables, connectors, etc., and reaching low-level circuits

(c) Audio susceptibility (due to audio ripple on dc lines causing

audio response, Instability or modulation of rf, if or video

signals, or mixing with or producing command signals. This

Is a particularly serious problem In transistorized receivers

or portions thereof, usually due to Inadequate low frequency

decoupling

(3) Spurious responses

(a) Image response

(b) IF response

(0) Intermodulation

(d) Cross modulation
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The broad category of spurious responses covers a wide variety of unde-

sired responses to signals outside the receiver pass-band as a rest'It of

norma! and abnormal non-linearities, inadequate front-end selectivity,

and/or spurious resonances. Receiver desensitization can also be consi-

dered within the category of spurious responses, since it is generally a

result of a strong signal outside the receiver pass-band causing overloa-

ding of the rf or mixer stage,or reduction of gain by agc action.

3-27. General Interference Reduction Methods

Basically, interference reduction in a receiver is acco,,ished by

attenuating the propagation of undesired rf energy through any of the

typical paths indicated in figure 3-122. The basic techniques employed

include:

1) Filtering

2) Shieiding

3) Isolation of Internal wiring and circuit components

4) Internal decoupling and filtering

5) Circuit design and layout

The techniques which are effective in reducing susceptibility of a recei-

ver are similarly effective in reducing Interference generated within the

receiver. Frequently, the same deficiencies which permit the entry of un-

desired rf energy into the sensitive circuits allow radiation or conduc-

tion of local oscillator or If signals out of the receiver. Inasmuch as

the rf environment in which a receiver is to be employed cannot generally

be determined by the designer, permissible levels of Interference emana-

tion and susceptibility are specified In the applicable 141L Interference

specification or in the equipment specification.

a. Filtering. In other than rf signal circuits, such as power Input,

output, or control circuits, simple low-pass filters are most commonly

emplo)yed. In such circuits, where it is necessary or desirable to atten-
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uate rf energy over a wide frequency range, low-pass filters should be

,jsed. The cutoff frequency Is limited only by the power frequency, audio,

digital, or other information which must be passed. In rf circuits such

as the rf Input, more complex types of low-pass, band-pass or high-pass

filters may be employed depending upon the tuning range and other factors.

Tunable band-nass filters are sometimes empi,:y-d, but t.h;se become rather

bulky and require manual tuning. Such filters are usualiy employed only

to overcome internal receiver deficiencies, or where a receiver must oper-

ate In close proximity to high-power transmitters where rf power levels

exceed practical rejection capabilities.

(1) Receiver rf Input. In the hf, vhf, and uhf ranges, receivers

are comnmonly of the superheterodyne type with tuned rf cir-

cuits. The tuned circuits themselves are basically band-pass

filters. Ir some receivers, the number and Q-values of these

tuned circuits are inadequate to provide sufficient off-channel

rejection of strong signals. For such cases, one or more ad-

ditional tuned circuits may be used at the Input, preferably

Isolated by additional rf amplifier3. The effectiveness of the

receiver tuned rf stages as a band-pass filter cart be seriously

degraded by Inadequate Isolation and/or decuupling between the

successive tuned stages. This Is a common problem frequently

encountered in otherwise well-designed receivers. Coupling

around tuned circuits via filament, B+ or agc circuits, or the

lack of proper shielding between stages, are ani3ng the major

causes of Inadequate rejection of high-level signals outside

the receiver pass-band. For reducing interference outside the

normal tuning range In variable or In Fixed-tuned receivers,

band-pass and low-pass filters In the antenna circuit provide

a relatively Inexpensive approach. In fixed-tuned receivers,

the pass-band of the filter(s) can be made sufficiently narrow

to also, be effective In reducing local oscillator signal feed-
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back Into the antenna. IF rejection can be Improved by incor-

porating high-pass and lci-pass filters In the antenna circuit,

but the use of low-pass filters to improv, if rejection is con-

sidered more of a fix than a desirable design feature. In the

basic design, rf selectivity through the use of well-designed

tuned circuits and raduction of stray coupling around the turned

rf stages is the proper approach; untuned rf stages are undesi-

rable. In some cases, even the best designed tuned rf prese-

lector can fall to offer sufficient rejection of signals of much

higher frequencies; it may then be necessary to add a low-pass

filter which has its cut-off frequency where the tuned circuit

starts to fall.

b. Shielding. Shielding within a receiver Is an Important sonsidera-

tion which should be undertaken In the Initial design. The addition of

%hielding into an existing receiver is alwst totally impractical --e it

best,a compromise. Good Interference reduction design requires shielding

in several forms wnich may be divided Into two primary areas, external

and internal, The purpose of shielding, stated simply, Is to contain or

exclude unwanted rf energy. In a receiver, both of these requirements

exist: (1) to contain signals generated within the receiver and (2) to

exclude high level rf energy which, by entering the receiver through

the "back door", is not rejected by the rf preselection. Obviously, if

such signals are at an If frequency, a response will be produced. How-

ever, frequency coincidence is not necessary since responses may also be

produced, for example, by mixing with the local oscillator or its har-

monics. Shielding and decouplinq, or filterlig, are Interdependent and

either may enhance or degrade the effectiveness of the other. However,

as mentioned earlier, filters for decoupling may be much more readily

added to a completed wall-shielded receiver or cir:'it than shielding,

which usually requires major rework. Therefore, shleld~ng of the recel-

ver and critical circuitry should be considered from the outset of design
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and layout. It must also be remembered that the degree of Internal shield-

ing required to merely permit a receiver to operate without oscillation

or unstability is not normally adequate to meet rfi requirements.

(1) Housings. Figure 3-124 illustrates in simple form a few of the

basic shielding considerations applicable to the overall recei-

ver housing. Obviously, any receiver case or h)using must pro-

vide access for maintenance or removal of the receiver chassis.

However, removable panels should be minimized insofar as prac-

ticable. Continuously welded or closely spaced spot-welded

construction of the basic housing should be used wherever pos-

sible. Access panels should be attached by machine screws,

with continuous metal-to-metal contact between the mating sur-

faces. Where continuous metal-to-metal contact cannot be main-

tained around the entire periphery of the opening, due to sur-

face Irregularities or deformation of the metal, rf gasketing

should be used. Types and typical applications of rf gasket-

ing materials are described in Section IV, Shielding of Chap-

ter 2. , In considering the practical aspects of overall recei-

ver shielding, the discontinuities and penetrations of the

housing are usually the limiting factors, rather than the type

or thickness of metal employed. Normally In a receiver hous-

Ing, either aluminum or sheet steel of sufficient thickness to

provide the necessary mechanical stringth will pruvide adequate

shielding, but the mating surfaces and openings are the major

problem areas. Where pressure-sealing is required, such as in

airborne, missile or certain drone applications, rubber or syn-

thetic "0'" ring seals may be used between sections of the cas-

ting. Care should be taken either to Insure that the "0" ring

is completely compressed in a groove to allow metal-to-metal

contact between sections of the casting, or a second groove

should be provided to accomodate a woven metallic mesh gasket

for rf bonding. Cast housings of magnesium should be avoided
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Figure 3-124. Receiver RFI Suppression
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because of corrosion of the mating surfaces. Aluminum castings

having machined mating surfaces should be protected by plating

or other finishes such as Irndite which does not appreciably im-

pair the conductivity. Electroless nickel plating provides an

extremely good finish for aluminum. It prevents oxidation and

corrosion and maintains excellent rf properties. Except for

special purpose fixed-tuned receivers, openings for controls

'and indicators are necessary. hese and cooling or ventilation

openings represent the major areas of rf leakage in the average

receiver housing. No control shaft should be continuous from

the externial control into an rf module or circuit. Tuning con-

trol shafts, for example, should be "broken" by an insulating
coupling. At the point of penetration of the control panel, the

control shaft sho" d be grounded to chassis by a suitable bush-

ing. A non-conducting,shaft penetrating the housing through a

metal tube having at least a 3:1 ratio of length to diameter, is

another means of treating control penetrations to maintain

shielding integrity. Openings for cooling or forced air venti-

lation must be shielded, either by the use of fine mesh screen

or honeycomb-type filters. The latter type offers several ad-

vantages o0,,r screening in that:

1) It offers little impedance to air flow

2) It affords generally greater shielding effectiveness

3) Clogging, such as often-occurs with fine mesh screening, is

not a problem

It does, however, require somewhat more space since its attenu-

ation characteristics are a function of the depth relative to the

cross-section of the Individual openings. In either case, com-

plete rf bonding around the entire periphery of the opening must

be provided, whether screen or honeycomb material is used. This

bonding is best accomplished by continuous soldering to the hou-

sing or enclosure around the opening. In the case of aluminum

enclosures, the screen or honeycomb material may be soldered in-

to a frame which is, in turn,mounted in the enclosure.
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(2) Internal shielding. Internal shielding within a receiver is

equally as Important as the external shielding or receiver

housing. Shielding of individual circuits or sections of a re-

ceiver, besides affecting Its stability, affects spurious re-

sponses, susceptibility and spurious emissions. Internal shiel-

ding, as In the case of the overall housinp, is also greatly

dependent upon circuit decoupling and filtering.

(a) Ideally, each stage of a receiver from the antenna through

the second detector should be housed In an individual shield-

ed compartmentýwith only those conductors required to carry

necessary signals running between the compartments. Power,

agc circuits, etc., should be routed separately to each com-

partment and filtered at the point of entry into the compart-

ment. A typical example of a shielded rf module (and methods

of applying decoupling to power and/or control circuits) is

shown in figure 3-125. The rf gasket is in the form of woven

metal mesh Inserted In a channel around the periphery of the

module shield. The cover may be fastened by machine screws

through the top (,hich pulls the cover down compressing it

Into the rf gasket). In the case of non-removable modules, rf

shields may be applied in the sam manner;but with the feed-

thru rf filters mounted on the chassis.

(b) The Importance of adequate grounding and bonding between sec-

tions of a shielded compartment,or between a shield and the

chassiscannot be over-emphasized. Continuous bonding must

be maintained around the entire mating surfaces In order for

a shield to be fully effective. This becomes more critical

with Increasing frequency and with high-level signals, such

as In a local oscillator. The use of metallic mesh gasketing,
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as shown in figure 3-125, is one means of insuring complete rf

grounding of a shield housing or a cover without having to
maintain extremely close tolerances on mating surfaces. This

method has been proveii effective so long as adequate pressure

(approximately 20 psi) is maintained on the gasket.

(c) In variable tuned receivers where the rf, mixer, and oscilla-

tor tuning must be tracked, shielding between these stages

becomes mechanically more difficult to accomplish. However,
this shielding Is critical with regard to oscillator radiation

and spurious responses. As mentioned earlier, it is prefer-
able to contain each of these in its own individual shielded
compartment. The greater the departure from this ideal situ-
ation~the greater the compromise in interference and spurious

response characteristics. Wherever practical, the mechanical
linkage employed for tracking the various tuning elements
should be electrically Isolated between the various tuned

stages. If the rf, mixer and oscillator tuning employs ganged

tuning capacitors,or variable inductors utilizing a single

metallic shaft, extreme care should be taken to provide low
Impedance grounds on the shaft between each stage. When such

a tuning arrangement is used and Incorporated in a single en-

closure, shle!d barriers should be utilized between each stage.
This shielding barrier should provide continuous electrical
contact with the enclosure. Penetrations of the shields be-

tween stages should be held to the minimum required for Inter-
stage signal coupling end tuning linkage. Circuits should be
so laid out as to minimize lengths of signal leads between
stages. Local oscillator circuitry should be physically, as

well as electrically, Isolated from the rf stage(s). Coaxial

cable, entering or exiting a shielded rf circuit or stage,
should have its shield grounded at the point of penetration

either by means of an rf connector or by connecting the shield
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direct to chassis. In an area cf high rf fields, such as In

an oscillator module, rf energy can be coupled out on the

cable shield unless It Is properly grounded at the point of

entry. In the design of rf transformers, electrostatic

shields should be employed between primary and secondary

wherever practical. This reduces the capacitive :':upllng

between windings, decreasing spurious coupling and resonan-

ces; thus, reduc:ng tpurious responses and coupling of the

oscillator signal back to the antenna circuit.

(d) Test points, frequently required in military receivers, are

often a source of interference and susceptibility problems.

Where it Is necessary to provide test points to monitor volta-

ges or circuit functions in the rf or if portions of a receiver,

cAre must be taken to provide proper decoupling and shielding

of the leads to the test points. Where a panel is provided for

a number of test points, it should be recessed and provided

with a metallic cover to maintain overall shielding integrity.

Where a test point for the oscillator signal Is required, the

oscillator signal should be rectified and filtered in the oscil-

lator module and the resulting dc monitored rather than the

oscillator signal Itself.

(e) Figure 3-126 shows a typical example of a poorly designed vhf

"front end" wherein the rf stage, mixer and oscillator are con-

tained in a single shielded unit. The unit exhibited not only

indictive and capacitive coupling between the oscillator cir-

cuitry and the rf stage but, due to poor decoupling techniques,

a direct path from the oscillator through C-1, R-1, R2 and C2)

and back to the antenna Input transformer, T-1. This particu-

lar receiver produced some 2200 microvolts Into a 50-ohm load

across the antenna terminals at the oscillator frequency, with

high levels appearing through the sixth harmonic. Local oscil-
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Figure 3-126. Typical Example of Poorly Designed VHF Receiver RF Section

lator signals also appeared on virtually all power and agc

circuitry throughout the receiver;and high levels of direct

radiation from the receiver and power wiring were found. Al-

so, for high level off-channel signals, the path(R-2, R-) by-

passes the additional tuned circuits in the output of the rf

stage, Increasing the probability of coupling into the mixer

and thus degrading the rejection of spurious signals.

3-213



(f) The superheterodyne circuitemployed In receiver applications,

Is inherently susceptible to Interference from certain fre-

quencies other than the frequency to which it is tuned due to

spurious responses. In a normal superheterodyne circuit, the

desired incoming signal frequency is mixed with the local

oscillator frequency in a nonlinear device to produce an inter-

mediate frequency which is accepted by the following recei-

ver amplifier stages. This nonlinear device is termed the

First detector, frequency converter, or mixer. A signal of

pure sine-wave form contains no harmonics, but when this sig-

nal is fed into a nonlinear impedance or nonlinear amplifier,

it becomes distorted due to harmonics which occur at Integral

multip!e-s of the fundamental sine-wave frequency. When two

signals are present, such as a signal frequency and local os-

cillator frequency, an additional heterodyne action occurs

in which the sum and difference frequencies are generated be-

tween Integral multiples of their fundamental frequencies.

Therefore, many heterodyne and harmonic frequencies result in

the mixing process of the frequency converter stage. This

action may also occur in a nonlinear rf amplifier stage due

to overloading by a strong signal, Improper bias, or Improper

adjustment of gain. Any of these fundamental, harmonic, or

heterodyne frequencies, which occur at the intermediate fre-

quency and reach the mixer stage, way cause Interference if

their amplitudes are sufficiently high. The sum or difference

frequency of the fundamental local oscillator and desired sig-

nal frequency is normally selected as the Intermediate fre-

quency by means of a resonant circuit In the mixer output.

This signal is then further amplified by successive if sta-

ges. An Illustration of this action Is shown In figure 3-127.

In general, most cases of Interference due to spurious re-

sponses of a receiver occur only when a high-amplitude signal

is present.
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Figure 3-127. Superheterodyne Mixer
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(g) Two factors are Involved which require an undesired signal to

be of high amplitude before it can cause interference. Since

most spurious responses are dependent upon harmonic genera-

tion and/or heterodyne action within a receiver, the frequen-

cy of an Interfering signal Is usually outside the passband

of the rf section of the receiver. Thus, the rf selectivity

of a receiver will cause a degree of attenuation to these

signals as shown in figure 3-128. It may be noted that atten-

uation becomes greater as a signal frequency becomes further

removed from the center of a passband; ho.¶ever, the attenua-

tion is always some finite value. Therefore any signal, If

it is of sufficient amplitude, may pass through the tuned sta-

ges of a receiver, but the further removed from the passband,

the greater must be its amplitude to pass through. Since

higher harmonics of a signal frequency are progressively low-

er in amplitude, the sum and difference frequencies of higher

harmonics are also progressively lower in amplitude. This

condition also requires that interfering signals be of high

amplitude befor, they can cause Interference due to spurious

responses of a receiver.

3-28. Intermodulation

Intermodulation refers to an undesired signal produced In a receivek as

a result of the mixing of two or more off-channel signals in a non-linear

device. It Is one of the most serious forms of Interference affecting

communications receivers. The Importance of preventing this type of in-

terference ar!ses From the fact that reception of a desired signal may

be obscureJ by Intermodulation from signals which are removed in frequen-

cy from the desired signal.

a. Theory. The mechanism by which the Intermodulation occurs is ex-

plained through the representation of a non-linear device by a power se-

ries. Let the output variable (e) of the device be given as a function
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of the Input vwriable (e ):

2 3

c-a 0 +aI a9 + a2e2 + a3 + ....... (3-56)

Now, if the input variable is represented as a sum of two undesired sig-

na!s, both unmodulated (for simplicity);

eg f eaCOS2ffat + e bcos2f bt (3-57)

Upon substituting equ:ation 3-57 into equation 3-56, the following products,

involving combinations of the two fundamental frequencies,can be obtzined:

a 2e ae bcos(w +w )t w a- 21f
a a b
2 a b OS(Wa-wb)t
aeec 3o"b =

3/4 a3eaa 2 a b rs(2w+wb)t + cos(2wa-wb))

3/4 a 3oa eb 2  cos (2wb+wa)t + cos (2wb-w a)

Any products resulting from the substitution of two or more signals for

a in equation 3-56 are referred to as "intermodulation products". Sig-

nals yielding the frequency combinations (fa+fb)and (fa-fb)are termed se-

cond-order intermodulatlon products. Third-order products arise from ex-g3•
pansIon of the term and n'th-order products from expansion of e .
For two off-channel signals, the third-order product frequencies are

(2fa+ fb ) and (2fb+ fa)'

(1) The theoretical discussion above, relative to the generation of

intermodulation products, assumes that the interfering signals

have reached a non-lineor device or circuit element and is pro-

bably of Interest to the design engineer only to the extent of

demonstrating the processes ard the various combinations of sig-

nals which, if allowed to reach tie mixer for example, might
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produce intermodulatlon Interference. In the presence of two

extremely high-level signals having the proper frequency rela-

tionship to produce sum or difference frequencies I,, the pass-

band of a receiver, or perhaps the If frequency, intermodula-

tion Interference will be produced In almost any receiver.

Since no tuned circuits provide Infinite attenuation, there

will always be some level at which signals can reach the mixer

stage. Usually, however, signals of such a magnitude would

overload the first rf stage, driving it into non-linear opera-

tion and mixing would occur in that stage. It is the design

*tngineer's responsibility to achieve the maximum degree of in-

termodulation rejection by circuit design, choice of tubes, or

solid-state devices, and to Insure operation within their lin-

ear operating range. It Is the responsibility of both the de-

signer and those who specify size and weight requirements to

insure that minaturization, for example, is not carried to such

extremes as to preclude adequate rf preselection, decoupling,

etc., required for reduction of intermodulation.

(2) As previously mentioned, the choice of tubes and the range of

operating bias Is one of the factors affecting intermodulation

Interference. However, individual tubes may vary in their in-

termodulation characteristics at a givw as level. A typical

example of third-order intermodulation .:rus bias and gain is

shown in figure 3-129. It can be seen from this figure that

published tube characteristics may not be too reliable In that

appreciable variations from tube to tube can exist. Neverthe-

less, the operating bias is seen to affect Intermodulation char-

acteristics to the extent of 20 to 30 db.
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3-29. Cross Modulation

Cross modulation is the transfer of the amplitude modulation of an un-

desired signal to the desired signal. Cross m-mJulation occurs when both

the desired signal within the receiver pass-band and the undesired signa:

are simultaneously present in a non-linear device such as a mixer or ove,.-

driven rf stage. As in the case of intermodulation and other spurious

responses, the undesired signal must reach the mixer, or an earlier stag.

must be operating in a non-linear range. The undesired signal may reach

the mixer as _ result of inadequate isolation in the front-endi allowing

coupling of strong signals outside the pass-band to bypass the tuned cir-

cuits, or spurious resonances in the tuned circuits. Receivers having no

tuned rf stages ahead of the mixer will obviously exhibit poor cross-mo-

dulation characteristlcs. In an fm receiver, the limiter will normally

minimize the amplitude modulation impressed upon the desired signai. How-

ever, interaction between the two carriers will still Introduce fm com-

ponents and undesired response or distortion of the desired signal.

a. The third-order curvature In the plate-current characterlntics in

a non-linear stage In the preselector of the receiver Is the most common

cause of both cross modulation and intermodulatlon. This c'ffect norma!ly

occurs in the first detector (mixer) or, for 11rge Input s*nnals, it may

occur In the earlier rf stages when the first 'rid starts drawing current.

As tho rf stage becomes overdrlven, it contrlb,'tes more he.vlly to the

cross-modulation effect. Assume that the lncoýing signal voltage Is apý-

plied to a tube in an am receiver whose transf,'r characteristic Is repre-

sented by a power series. Then, when the necessary mathematics are ca:-ried

through in order to find the desired Intermodu'ation products, 7t be-

comes evidernt t-,;, it Is necessary to have at 'sast the cubic term prerlent

for cross-modulation distortion and that only .... *e amlIitude Is affecteel.

Hence, cross modulation of the desired signal c:curs due to ,* zon-linei:r

characteristic and causes distortion in the ar-litude moduli • '-.
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b. In general, the cross-modulation characteristics 0f a receiver vary

over its tuning ranige, particularly if band-changing coils are used. !,,'th

adequate planning during the initial design stages, some advantage may be

gained In optimization of a receiver's freedom fron this type of interfe-

rence. Cross-modulation in an am receiver can be considerably reduced

by the application of adequate frequency selectivity circuitry betwEc.,

the receiver ar;J the antenna.

3-30. Other Spurious Responses

In a receiver, spurious signals may manifest themselves as two or !re

stations being received simultaneously, whistles, squeals, an audio , e

erroneous indications of an Instrument, and, where agc circuits are •:-

ployed, as reduced sensitivity. Additlonally, many comblnations of I•,

put frequencies may result In Interference in superheterodyne-type reca!-

vers due to the generation of signals at the desired signal frequency

at the Intermediate frequency. Any input signal or combination of inp

signals which results In the generation of the intermediate frequency

the desired signal fraQuency may cause interference, since the generat, A

signal then progresses through the receiver in the same manner as the >-

sircd signal. Various combinations. of signals which may ,orm the inter

mediate frequency or signal frequency are shown In figure 3-130.

a. Broadband Interference. Broadband Intc. ference consists of impt.ise

or random rf energy exhibited over a wide frequency spectrum. The resr •nse

of a receiver to this type of Interference Is dependent upon it. sensl

vity (gain) and bandwidth. High levels of broadband interfererce, how_ ver,

may also aenerate spurious responses In the same manner as two or more

narrowband signals by the same processes or a combination of these pro-

cesses. "oor rf selectivity may allow broadband energy components, eve

a wide frequency range, to reach the mixer. To minimize the receiver r -

sponse to broadband interference, precautions slmil:,r to those require

to minimize other type: of spurious responses shoull be Undertaken., wiil

3-2?2



, oec % INTERFERENCE TRANSMITTERH ARMONIC 
M K

TRlANISMITTER INTERFERENCE,-.

AOJAKCNI. AC- CO-CHANNEL
-. :HANtNEL INTERFERENCE

iti
10,000 KC~t T Ro, ooo EINTERFERENCEDE'RD IGA TRASI

7RANS*.qTE RECIVERE TUNCED "I. T oIi E
11,~~cos 00Kto"I MODULATION

SKCINTERFERENCE
L08 10,8 00 KC I E

I. -k0K ~ .L •IIl1-1

We XLUEKC

10.00KC DWFVmAcE

Figure 3-130. Potentic' Sources of Narrow-Band Interference
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the additional consideration of malntalning bandwidth at the mlnimuý re-

quired to pass the desired signal Intelligence. High Q tuned circuýs

with a minimum of spurious resonances will minimize the peak energy sea-

ching the first grid or transistor which could cause spurious respo. ses.

"b. Channel. A channel is defined as a band of frequencies of a ,idth

sufficient to contain a carrier and/or the minimum necessary sidebo. ,s to

convey Intelflgence. The frequency spread of a channel will be dep ident

upon the -, of emission from the transmitter; and the receiver's ,er-

all bandpass must be sufficient to accorm)odate the channel width. )r ex-

ample, in the case of amplitude modulation where the highest modulz, ion

frequency Is 3.5kc, the channel width would be a minimum of 7kc so ; to

accommodate the upper and lower sideband frequencies separated by t .; car-

rier frequency. Therefore, a receiver designed to receive a signal •f

this type would require an overall minimum bandpass of 7kc for prop,. o-

peration as shown In figure 3-131A. In the case of single-sideband .'re-

duced carrier transmission with a maximum modulation frequency of 3.o;kc),

the channel width would be 3.5kc and a receiver would only be requli-d to

have an overall minimum bandpass of 3.5kc for proper operation as s -)wn

In figure 3-131B. Frequency-modulated signals have a greater spect .m

width, and a receiver must have a sufficient pass-band to accept the side-

bands Involved. If the spectrum width were 400kc, the required min ium

overall bandpass of a receiver for proper operation would be /+OOkc.

shown in figure 3-131C.

c. Linear and Non-Linear Responses. When considering means for ana-

lyzing receiver spurious characteristics, it is convenient to evalt te

the effects of Interference in terms uf "small-signal" responses P "large-

signal" responses. The mechanism of any Interference-reducing ssh; 3

(other than blanklng) is that:

1) Interfering components of the undesired signal are removec 'rom

the bandpass of the susceptible receivir
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Figure 3-131. Typical Bandpass Curves

2) Non-linear effects, such as overloading and cross nodulation,

are reduced by the sideband selectivity of the radio-frequen-

cy stages

When a signal Is small ccmpared to the maximum signal for which a re-

celver is designed, it Is relatively safe to assume linear operation of

the receiving device. Signals, which are large compared to the normal

signal level for which the receiver is designed, frequently will drive th(.

receiver Into its non-linear region. Such non-linear operation gives

rise to a large number of spurious Interference responses which would not

otherwise occur.

d. Self-Spurious Responses. A self-spurious response r:ay occtý- in

two ways:
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I) Two locally.generated frequenciesor their harmonics mix in a

ncn-linear stage to produce either the receiver tuned frequency

or the Intermediate frequency

2) An oscillator harmonic coinciding with the receiver tuned fre-

quency or an intermediate frequency

Thus, in effect, the receiver interferes with itself. This type of in-

terference occurs in multiconve,'sion receivers where the basic oscilla-

tor frequency is multiplied to provide the desired mixing frequency.

(1) Harmonics of the local oscillator often provide thte means for

spurious responses at frequencies well above the tuned frequen-

cy. These responsos may occur when, due to poor front-end

design or lack of consideration for response of the tuned cir-

cuits far out of the pass-band or tuning range, signals pass

through, or are coupled around, the rf-tuned circuits and mix

with a harmonic of the local oscillator to produce a difference

frequency equai to the if frequency. In some cases, a low-pass

filter in the output of the oscillator may be necessary. Low-

er oscillator power often reduces the harmonics also. Oscilla-

tor harmonics should be checked in the design or breadboard

stage and measures taken to reduce them. While normally lower

In level, oscillator harmonics, particularly in the vhf and uhf

range, become more difficult to contain by shleldinc and the

decoupling networks designed for the oscillator fundamental may

be Ineffective at the harmonic frequencies. This form of in-

terference will only occur when ei !nput is present, but can

appear as co-channel Interference to low-level desired signals

or garbled modulation of the desired signal. Careful shield-

Ing and decouplinglas in the case of many other spurious re-

sponses Is necessary to preclude this type of interference. 2

c

3-226



3-31. Image Response

In a superheterodyne receiver there are two signal frequencie;, one

higher and one lower than the local o-cillator frequency by an amount

equal to the Intermediate frequency. They may combine with the local

oscillator frequency in the first mixer to produce an if signal as shown

in figure 3-132. Either signal frequency may be selected by the rf cir-

cuits preceding the first mixer. The selected signal is termed the de-

sired signal, and the other signal is termed the image-frequency signal.

Without any pre.-selection, the receiver will respond equally to signals

both above and below the local oscillator frequency. These responses

will differ from the local oscillator frequency by the if frequency.

This "image" interference is located at frequencies equal to the tuned

frequency plus or minus twice the intermediate frequency:

fu - (f5 ± 2f Id (3-58)

where: f .= interfering frequency

f - desired frequency

fif" Intermediate frequency

The appropriate sign Is chosen depending on whether the local oscillator

frequency Is above or below the desired signal.

a. The frequency response of a superheterodyne whose rf input circui

is tuned to a frequency, fs, of 1,000 kcps, is Indicated in figure 3-133.

First, assume that the oscillator frequency, f o is 1175 kcps and that

the intermediate frequency, lift Is 175 kcps. If there should be an In-

coming transmIssion at the frequency fIm " 1,350 kcps, figure 3-133A, It

will cause a difference frequency of 1,350 - 1,175, or 175 kcps in the

converter stage and will result In a receiver response. Such an undesir

signal is known as In image signal or Image, and the frequency fIm = f

2f if !s known as the image frequency. The image rejection ratio of a r

ceiver is the ratio of the input required at the frequency f;m to t. -
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Figure 3-132. Image-F.'equency Interference

required at the frequency fs to produce output signals of the same strength.

The Image rejection ratio must be high for image-channel interferencJ, or

for Image Interference, to be negligible.

b. To secure a high Image rejection ratio, the intermediate frequen-

cy should be made as large as other considerations permit. An intermedi-
ate frequency of 455 kcps is used frequently in modern broadcast receivers.

As seen In figure 3-1338, the admittance, Y, of the receiver at the Image

frequency of 1,910 kcps is extremely small. However, an increase in in-

termediate frequency generally reduces the selectivity and the stability

of the receiver.

S. Image response is minimized by increasing the selectivity of the

rf stages of the receiver by additional tuned circuits or additional rf

stages. Careful design of the tuned circuits is necessary as in the case

of reduction of any other type of spurious response. If the rf input

response curve is made sharper, as indicated by the dot-dash curve in
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figure 3-133B, the image rejection r.itio is increased. Howe .,r, to.e re-

sponse curve of the input circuits cannot be made toc narrow or s' e-kane

clipping may then be enciuntered Tne tubes in a preamplifier, iri then-

selves, do not contribute to the image-suppression qualities, ko fk 'ary

instancesiladditioral tuned circuits may be addd wi'hout necessitating

rf amplification.

d. In the higher frequency ranges, where gnod -f selectivi':y bacomes

more difficult tG achieve, the choice of a higher if frequency (thereby

removing the image frequencies farther from the center frequency) is de-

sirable and often essential to minimize image response. Double conver-

sion often be:omes necessary to obtain ac• image frequency sufficiently

far removed from the center frequency. In this case, the first if fre-

quency is made as high as practical, with the second if at a lower fre-

quency to achieve the necessary gain. The rf-tuned stages, however, must

still be carefully designed and checked for possible spurious resonances

which might occur even at a far-removed Image frequency. Performing rf

selectivity measurements over only a very lImited range, possibly down

to the 60 db points above and below the center frequency, is a common er-

ror. RF selectivity of a front-end design should be checked upward to at

least 2xif above the 5th harmonic of the local oscillator (lo),and down

to the lowest frequency capable of mixing with the basic lo frequency, to

insure minimizing Image ano other spi'rious responses.

-. Anothewr form of Image response Is produced when an undesired sig-

nal reaches the mixer and mixes with a harmonic of the local oscillator.

A signal at a frequency ;fIf removed from a harmonic of the local oscil-

lator can produce an if signal out of the mixer and hence a spurious re-

sponse. At first glance, this would not appear to be a serious consider-

ation, since It concerns a signal far removed !n frequency from the center

or tuned Frequancy. Howe.er, such responses have been recorded up to the

seventh harnmcnic of the local oscillator mixing frequency and at levels

as low as 50 millivolts at the antenna terminals of the receiver. This
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is attributed to two basic causes; excessively high oscillator harmonics

aod po,,r front-end design allowing signals, far out of the theoretical

nass-band,to reach the mixer. Such problems may be minimized by reduc-

tion cF local oscillator power, thus improving the waveform; or utilizing

S'ow-pass filter in the output of the local oscillator. Again, spurious

resonances, or coupling around the rf and mixer tuned circuits, are a

primary cause and should be carefully checked and corrected in early de-

sign or breadbcarding of the receiver front end, Electrostatic shields

between windings of rf transformers, and other precautions to minimize

capacitive coupling, aid in minimizing these responses. Minimizing lead

lengths throughout tuned circuits ani avoiding common primary ard secon-

dary return leads, however short (which become increasingly inductive at

frequencies several times the center frequtný.,y), also help reduce this

problem. Where spurious resonances above the tuning range cannot be a-

voided due to inherent component limitations, then low-pass filters

should be employed, preferably ahead of the first rf stage. This prac-

tice also Increases intermodulatlon rejection In the higher frequency

ranges.

3-32. Oscillators and Mixers

a. Combinstion of Different Harmonics of the Signal and Oscillator.

Caonhination of the Interference signal and local oscillator harmonics of

different Integers, of the form:

".±fhot ±nfu = f- f (3-59)

where- fhet ' local oscillator frequency

f u - Interfering frequency

fif - Intermediate frequency

results in interference responses which are spread over tha. tuning range

in an irregular manner. This Interference is due to the fact that, the
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frequency changer, or mixer, does not have an ideal grid-voltage/plate-cur-

rent tharacteristic, and thus produces harmonic outputs.

b. Oscillator Multiplication. A cornmon design practice, especially

with crystal-controlled receivers, is to multiply the crystal frequency

to obtain the desired oscillator frequency. Consider the concribution

to the interference problem by multiplication. Assume that an oscilla-

tor frequency ," 80 megacycles Is desired, and that a fundamental crys-

tal is to be used. Two stages of multiplication could be used, e.g., a

doubler followed by a doubler. Thus, the crystal frequency would be 20

megacycles. Unless elaborate measures are taken, such as using a double-

tuned amplifier stage between doublers and a double-tuned amplifier stage

between the second doubler and the mixer, the output will contain signals

of 20 mc and L40 mc as well as 80 mc. This provides two additional fre-

quencies at the mixer with which spurious responses may be generated. A

way to decrease the number of possible Interfering frequencies is to de-

crease the multiplying factor (increase the crystal frequency) to as low

a value as Is practically and economically possible. Other methods of

reducing the Interference phenomena caused by multiplication are:

1) Shield all oscillator stages

2) Decouple all plate and filament circuits

3) Provide multiple tuned circuits or bandpass filters so that the

undesired harmonics of the crystal frequency are not Injected

Into the mixer

c. Oscillator Harmonics. Harmonics of the local oscillator frequency

which may be generated In the mixer tube can combine with signals leaking

through the rf stages of a receiver in such a manner that their sum or

difference frequency is equal to the if of the receiver. These differ-

ence frequencies represent spurious responres, and their occurrence may

be predicted theoretically. It Is su-etires helpful to have a set of

quick reference curves to Identify spurious responses. The combinations
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possible from all different types of receiver mixing are derived below.

Theoretical spurious response curves for commonly encountered if fre-

quencies of 455 kc, 10.7 mc, and 30 mc are used as examples. Refer to

figures 3-134 through 3-142 inclusive.

(1) Derivation: Let f be the local oscillator frequency, f1 be

the if, fc be the frequency of the Interfering signal, and fd

be the dial-setting of the receiver. The receiver will respond

to any signal that reaches the intermediate frequency stage.

That Is if: I

.±nf 0+fc a f1  (3-60)

a response will occur. Here n Is an integer, and nf0 Is a har-

monic of the local oscillator frequency.

(a) Receiver If's are designed to respond to either sum or diff-

erence frequencies. Therefore, three O1fferent types of re-

sponse are possible.

Type At fo - f- " fd (3-61)

Type B: fo 0 f-d fi (3-62)

Type C: fo a fd + f1  (3-63)

(b) If hamonics of the Incoming signal are generated, It Is

possible to produce additional responses. These can be In-

cluded In the derivation by adding an Integer multiplier on

f in the first equation above. However, this feature will

be omitted from this derivation since, at the present time,

tSese harmonics do not seem to be a serious source of spur-

ious responses.
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Figure 3-134. Theoretical Spurious Response, lype A, IF - 455 KC
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(c) For each type of operation, the possible spurious response

frequencies are obtained by substituting the equation repre-

senting the type of operation into the first equation (3-60)

and so!,,Ing for f In each case, four equations are obtained

of which one or more represent impossible conditions. The

usable r~suit!r:9 equations are: f

For Type A: f = n-In f + --- C (--64)
d n I n

d n I (365

=n+l - C (3-66)
d n i n

For Type B: f = nI f - f- (3-67)d n I n
f

n- ' f c (3-69)
d n I n

For Type C: f a I + c (3-70)d n I n

ff

f f c n+l fi (3-71)d n n I

d. Mixers. The process of combining two unrelated signals to obtain
a third signal at the sum or difference frequency has been employed in

electronic devices for many years. The circuits which accomplish the com-
bining process generally produce unwanted products as well as the required

signal. The unwanted products are generated by nonlinearlties within, or

prior to, the mixing circuit,and are classified as products of nonlinear

rixing.

(1) Linear mixing may be defined as that form of mixing which pro-
Juces ornly the sum and difference frequency of the two input

fundamental frequencies. It produces no har.,-nics or other
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mixing products and Is the desired, but thus far unattalned,

type of mixing. The analog multiplier more nearly approaches

a truly linear mixer than any other known device, but only at

very low frequencies of operation.

(2) Nonlinear mixing is the form of mixing presently used for het-

erodyning two frequencies to obtain the sum or difference fre-

quencies. The resultant by-products of such mixing are the

sources of many spurious responses. Considerable effort has

been directed toward the problems of nonlinear mixing for many

years. A major problem in establishing a mixeres conformity to

current theory appears to stem from the difficulty in obtaining

accurate experimental data. Many factors contribute to mea-

surement error in attempting to isolate the action of mixer non-

linearity. Depending upon relative rejection, the injected

harmonics of either the local oscillator or the input signal

can have a highly detrimental effect on the mixer meesurement

a(.curacy. The same problems which are encountered In a prac-

tical receiver are generally encountered in atte;npting to per-

form accurate measurements.

(3) Innumerable problems can bt generated within, or associated

with, the mixer, most of which are a result of the very mixing

process Itself. it ha3 been found that harmonics above the

50th can cause a response. On this basis, it would appear im-

possible to eliminate this phenomenon since non-linearity of a

mixer is needed to provide the frequency conversion and it is

this very non-linearlty which generates the harmonics. How-

ever, several precautions may be taken In the mixer design which

will minimize the spurious response problems considerably.

(a) Low iniectlon voltages. A very low Injection voltage from

the oscillator should be used. This will re, uce the power

of the higher oscillator harmonics, thus reducing spurious
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responses due to oscillator harmonics. In one receiver, It

was found that the number of spurious responses could be low-

ered from 101 to 28 simply by reducing the injection voltage

from 510 millivolts to 42 millivolts

(b) Isolation. Isolation should be used between the rf signal

and the oscillator signal. This can be done in several ways;

one is through the use of a double triode mixer; a second is

through the use of a multigrid mixer; and the third is through

the use of high-impedance coupling from the oscillator to the

signal grid of the mixer

(c) Balanced mixers. A balanced mixer can be used. This will

cancel the even harmonics of the applied rf signal which

tend to be generated in the mixer. The possible number of

spurious responses will thereby be reduced by one-half. How-

ever, it should be noted that, in this case, isolation between

the rf signal and oscillator signal would best be accomplished

by high Impedance coupling

(d) Low-pass filter. Low-pass filters can be placed in the uscil-

lator output to the mixer

3-33. Adjacent Channel Interference

Adjacent channel Interference arises from the Interaction of an adja-

cent channel carrier and/or Its sidebands with a desired carrier and/or

its sidebands. This type of Interference may result from Inadequate rf

selectivity. When this occurs, the adjacent channel signal may be con-

sidered as arriving at the detector of the am receiver, or the limiter-

discriminator of the fm receiver, without prior distortion or the forma-

tion of intermodulation products. In an am receiver, analysis can be-

gin with the summation of the two signals in an am detector such as the

square law detector, the product detector, the synchronous detector or

the perfect envelope detector; or, for an fm recgiver, a perfect Ilimi-
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ter and simple discriminator, balanced linear discriminator or a homodyne

detector, etc.

a., In amplitude-rnodulated :yvstems, the adjacent channel response Is

characterized by the audible "car !zr beat", by "monkey chatter" and by

"masking" of the desired signal. The unintelligible Interference In the

audio output known as "monkey chatter" Is a result of the inversion of

the speech modulatior of the undesired signal. This inverted speech Is

produced on 'he desired chonnel by the difference frequencies between the

desired carrier and the nearer adjacent channel sideband components. The

beat notes between tne desired carrier and the other set of adjacent cian-

nel sideband components may he included, but usually their amplitude

level is low and their audio frequency so high that they are reduced to

a negligible quant,ty by the limited receiver audio passband. The mask-

Ing effect of a strong amplitude-modulated signal may serve to improve

the apparent selectivity of the receiver if the strong signal Is the de-

sired one. This effect may be enhanced by the reduction of carrier beat

and "monkey chatter" if the audio signal is "rolled-off" at a rather low

frequency.

b. While adjacent channel Interference is among the more serious prob-

lems encountered in military operations, there is little that can be ac-

complished In receiver design to minimize this type of Interference other

than maintaining the overall receiver bandwidth at the absolute minimum

required to accomodate the particular type of intelligence to be received.

Proper tracking and alignment of the rf stages is important. Frequently,

bandwidths are made wider than necessary merely to make rf, lo and mixer

trackIng simple. More care in this area would greatly minimize the prob-

lem of adjacent channel Interference.

3-34. Desensitization Interference

Desensitization is the resultant reduction in receiver gain for a de-

sired signal when a strong undesired signal Is simultaneously received.
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a. In am communications receivers, blocking of a desired signal by in-

terfering pulsed radar spectral components usu.lly occur3 in one of the

late if stages; often the last if stage. In this stage, the interfering

pulse amplitude is great and large time-constants exist in grid circuit

charging networks which produce overload and pulse stretching. An indi-

cation that overload may arise is obtained from the following equation

when its solution is less than unity:

Signal R B (output)

Interference (pe;k-"7 l.5n Be (internal) (3-72)

where:

B (output) = the effective bandwidth, in cps, of the receivere

at the output terminals

B (internal) = effective bandwidth in cps, up to the point ine

question in the receiver

n - permissible signal to interference ratio mea-

sured on an rms basis

= pulse repetition frequency, in pulses per sec-

ond, of the pulsed radar interference

A receiver can withstand the greatest ratio of interference to desired

signal when the desired signal level is such that the tubes are opera-

ting in the linear portion of their transconductance curves.

b. When intensity-modulated displays are used In radar receivers,

video overload can occur in the presence of cw signals due to the limi-

ting used with this type of display to prevent defocussing on strong sig-

nals. Use of a high-pass filter between the second detector and the vi-

deo system to eliminate the dc component of the cw signal precludes the

possibility of video overload.

c. Intermediate frequency amplifier saturation can also result from

the presence of a strong cw signal. If the amplifier is inadequately

shielded and decoupled, if oscillation may also result.
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3-35. Heterodyne Interference

Heterodyne interference Is caused by an off-channel signal mixing with

a local oscillator frequency, its harmonics or other signals, to produce

one or more heterodyne frequencies within the if pass-band of a receiver.

This type of interference may be minimized by good design practices such

as recommended for reduction of image and other spurious responses.

3-36. IF Rejection

Poor If rejection generally stems from failure to consider responses

far out of the receiver pass-band. IF rejection figures as low as 40 or

50 db are not at all uncommon, even in receivers where other spurious re-

sponses may be well below these values.

a. In a uhf receiver, for example, it is typical for the designer to

employ small values of decoupling capacitors and/or inductances which

provide adequate insertion-loss In the receiver tuning range, but which,
I

at the if frequency of say < I of the tuned frequency, may pro-

vide an Insertion loss of the order of 30 db less. Quite frequently, the

same low values of decoupling capacitors are used in agc and power cir-

cuits entering the if stril; so that strong signals at the frequency ap-

pearing at the rf stage are not sufficiently attenuated through these cir-

cuits. Since, in the majority of vhf and uhf receivers, most of the gain

Is achieved in the if amplifier, a relatively small amount of signal

coupled Into the first If stage Is suffic!ent to produce a response. The

problem requires no extensive mathematical treatment. it is quite straight-

forward In that If a signal at the Intermediate frequency is only attenu-

ated 40 db between the antenna terminals and the first if grid, then the

If rejection will only be 140 db down.

b. The same shielding and circuit Isolation techniques, required to

preclude other spurious responses,will Improve if rejection. However,

the major pitfall is generally that the decoupling networks used In the
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rf and/or if section must employ large enough values of C to provide high

values of attenuation at the if, as well as the rf, frequencies. If the

if amplifier is adequately shielded and ALL circuits (agc, power, etc.)

entering the if module are well filtered at the if frequency. then those

in the rf section are of less consequence, and smaller components may be

used. Feed-thru capacitors should be used in decoupling networks in if

amplifiers as well as rf amplifiers if the if is in the megacycle range.

Larger values of by-pass capacitors which would theoretically provide

high attenuation at an if frequency of 10 mc,for example, if connected

by any appreciable length of lead, may readily resonate well below that

frequency and thus be totally ineffective at the frequency which it was

intended to attenuate. If two-terminal (by-pass) capacitors are used,

they should be of the extended foil type, with case ground and minimum

lead length connecting the "high" side. (See Section II of Chapter 3 re-

garding suppression capacitors).

3-37. The Receiver as an Interference Source

All too often, designers fail to consider the receiver as a source of

interference to other receiving devices with which it might eventually be

employed in military operations. While consideration might be given to

spurious responses in the design of the receiver, rarely does the design-

er take extansive precautions against Interference signal propagation

from the receiver. The seriousness of interference propagation from re-

ceivers is seldom appreciated by the designer, since it Is not exhibited in

his own receivei-. The designer might consider spurious responses, intermod-

ulation rejection, if rejection, etc., as serious in the receiver design,

but the spurious signal propagation from the receiver, which could produce

the same interference problems in an adjacent receiver as would poor spuri-

ous response rejection,is seldom considered. If one considers a countermea-

sure or electronic reconnaissance facility with, for example, twenty re-

ceivers, each monitoring a different frequency and each radiating local
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oscillator energy and its second harmonic, it can be seen that the poten-

tial Interference problem to each receiver is equivalent to 38 spurious

responses. The probability of frequency cuincidence between other recei-

ver lo radiations and the tuned frequency of any one receiver is just as

great as the probability of coincidence of a transmitter signal and a

spurious receiver response frequency. There is also the matter of detec-

tion by the enemy of spurious radiation from tactical receivers which

would divulge location or mission information. The observation of "radic

silence" is frequently required in tatkcal situations, but its purpose

can be readily negated by receiver emanations. Table 3-8 contains a

brief tabulation of a number of the more conmmon sources of interference

emanating from receivers, the various means of propagation, and the pro-

bable causes or deficiencies which permit, and sometimes enhance, propa-

gation of Interference from a receiver. These same deficiencies, which

allow Interference propagation from a receiver, contribute equally to

spurious responses and/or to receiver susceptibility. Design modifica-

tions made on a particular receiver have resulted In almost the same

magnitude of reduction of spurious responses and susceptibility as was

achieved in the reduction of spurious signal emanations.

a. Local Oscillator Radiation. Local oscillator signals appearing a-

cross the antenna terminals of a receiver are generally the more serious,

Insofar as Interference to other receivers is concerned. However, in

areas of high concentration of receivers, such as in a forward area com-

munications center, antennas may be sufficiently close to other receivers

so that radiation from cases, wiring, etc. may cause serious interference.

This Is similarly true In drone and missile applications, where equip-

ments and antennas are in close proximity, with i!ttle or no shielding be-

tween antennas and wiring or equipment housings.
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(1) Local oscillator radiation from the antenna is due to coupling

of oscillatur signal energy back Into the first rf stage. If

no rf stage Is used, that Is, if the Input feeds directly into

the mixer, the problem of isolating the oscillator signal from

the antenna becomes difficult, if not impossible, since it is

dependent entirely upon the Q of a single-tuned circuit. Multi-

ple double-tuned circuits can be employed without armplification,

but would introduce losses.

(2) In variable-tuned receivers, it becomes quite difficult to pro-

vide sufficient attenuation of the local oscillator signal with-

out use of rf stages. However, in fixed-tuned receivers it is

possible tx employ sharp band-pass filters ahead of the mixer,

a Io rejection filter, or a low-pass or high-pass filter, de-

pending upon which side of the tuned frequency the oscillator

operates. In any case, c,:reful shl' ding must be employed,

since no filter is any more effective than the shielding pro-

vided between Its Input and output. The same principle applies

to tuned circuits In each rf stage, and the oscillator circuitry

as well. The fields around the oscillator coils, and all asso-

ciated cIrcuitry Including those around the tube or transistor,

must be confined by adequate shielding. Each power and/or

control lead entering the local oscillator enclosure must be

decoupled, using either R-C or L-C networks. Where dc voltage

drop is a factor (and where space permits), L-C filter; should

be employed. In the uhf range and above, Inductances may be-

come resonant because of distributed capacitance, and RC net-

works may be necessary. Resistors must be chosen on the basis

of their rf characteristics a'so. File types, or thin "stick'

resistors with minimum shunt caoacitince,must be employed.

(3) The same techniques of confinement and filtering employed

throughout the lo, mixer and rf stages will reduce lo radiation
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from the case and external wiring. These measures, combined

with low local oscillator power and good oscillator waveform

to reduce harmonic content will, when properly employed, sub-

stantially reduce the problem of local oscillator emissions

from the receiver. These same techniques, combined with care-

ful design of the tuned circuits, are also necessary and will

also be quite effective in reducig spurious responses. Fig-

ure 3-143 shows the rf section of the same receiver depicted

earlier in figure 3-126 with design modifications included to

minimize local oscillator radiat~on and spurious responses.

b. Intermediate Frequency Signals. Radiation and conduction of if

signals from a receiver is probably one of the most frequently Ignored

areas and one which has been found to produce serious compatibility pro-

blems in several complex receiving systems. In one case, a 60-megacycle

if signal was found to exist on almost completely unrelated circuits

within the system, and was causing Interference problems in certain auto-

matic functions. Levels,equivalent to 1000 pv/m and 100 g1v/m at 60 and

120 megacycles (2nd harmonic of the same if) respectively, were observed

to be radiating from several points within the system. This was attribu-

ted to poor shielding of housings and wiring, and Inadequate filtering of

power and other circuits entering the if amplifiers. The decoupling em-

ployed to prevent feed-back or oscillation does not necessarily prevent

If signals from being conducted out of the latter stages and coupled Into

other wiring, or simply radiating from a poorly shielded housing. Neither

does It necessarily preclude entry of signals at the if frequency into

the early if stages, causing susceptibility at the if frequency. The de-

coupling CAN, however, be so designed as to serve both functions with very

little additional effort and few additional components. if interstage

decoupling Is to be employed Internally within the if chassis, (in a B+

circuit for example), then the power feed should not enter at an early

(high gain) or last (high signal level) stage, but rather at an interme-
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diate stage, at which point neither sensitivity nor signal level are max-

Imum (see figure 3-144). This simplifies the decoupling network and takes

advantage of the interstage decoupling required, in any case, for proper op-

eration. If Interstage decoupling is not employed within the if chassis

or module, then the decoupling methods shown in figure 3-145 should be em-

pl oyed.

(1) L-C decoupling, as illustrated in figures 3-144 and 3-145, is

necessary in filament circuits; while in agc circuits, R-C

networks are more appropriate since voltage drop is not a fac-

tor. In any case, each lad entering the if chassis or enclo-

sure must be decoupled by either L-C or R-C networks. This in-

cludes if gain contro! if used to control If bias.

(2) The output of the second detector must also be carefully fil-

tered to attenuate the if signal energy, whether the output is

a video or audio signal. The high-level If output signal can

be coupled around or through the detector and be conducted out

to ext3rnal wiring, as well as coupled into power, audio, or

other circuits which mightnot be shielded as well as the if

amplifier. Therefore, careful filtering at this point is im-

portant.

c. Power Supplies ard Electromechanical Devices. jnterference reduc-

tion techniques for power supplies, relays, and other electromechanical

devices are covered In considerable detail In Sections III and IV of this

chapter. These methods apply equally to receiver power supplies, control

circuitry, relays, etc.

(1) if the source suppression measures heretofore discussed with re-

gard to containment of receiver signals are employed, then ad-

ditional precautions to preclude rf signal propagation throul..

the power supply Is unnecessary. Filtering can then be designed

to cover only the frequency spectrum of the power supply diode
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switching pulses.

(2) If these design features are not employed, then It must be as-

sumed that any signals present within the receiver willi be cou-

pled back into the power supply and Into the input power cir-

cuits to be radiated or conducted into other equipment. It is

commonly believed that solid-state power supplies provide rf

isolation; however, this is rarely the case. Therefore, if rf

'ignals (Io, if, etc.) are allowed to propagate within the

chassis, then power supply Input filters must be used which are

effective up to the highest frequency of the signals present

within the receiver housing. Under these conditions, the over-

all receiver housing must be a complete rf-tight enclosure to

prevent radiation.

(3) One particular electromechanical device often employed In recei-

vers is considered worthy of specific mention -- the thermosta-

tically-controlled oscillator crystal oven. These devices are

prolific sources of broadband Interference and also a source

of coupling of the oscillator signal out of the oscillator mo-

dule or enclosure. Not only Is this a source of Interference

to other equipments, but has often been found to produce Inter-

ference within the receiver In which It Is contained. Not only

must the switching transient be suppressed at the thermal switch

Itself, but the heater conductors must also be filtered adequate-

ly to suppress the oscillator signal which would otherwise be

coupled out on the heater lines.

(4) Proportional type heaters (rather than th'e thermal switch type)

are available which eliminate the switching transient and are

highly recommended for this purpose. However, It must be re-

membered that, although not Itself a source of Interference,

the heater circuit is capable of conducting oscillator signal

energy out into chassis wiring.
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3-38. PRF Discrimination

When a victim radar Is exposed to pulse Interference from another ra-

dar or pul.e source (a "culprit") whose pulse repetition frequency is

nearly equal to a multiple or sub-multiple of its prf, a "running-rabbit"

type of Interferenco pattern appears on the victim's ppi. Typical pat-

terns are shown in figure 3-1464, where the victim's prf is just below

the culprit's (fv < fc ). and In figure 3-1468, where the victim's prf is

slightly higher than the culprit's (fv > fc ) Sometimes~radars are oper-

ated In close proximity so that complete elimination of the interference

Is not feasible. By closely examining "running-rabbit" patterns and ap-

plying nomographs that describe running-rabbit parameters, a victim can

determine the prf of the culprit, thus obtaining a clue to the culprit's

Identity.

a. Pulse Delay. One method of eliminating pulses with repetition

rates different from a victim radar is to dilay each Incoming pulse by

the repetition period of the radar and allow it to be displayed only If

it coincides with the next Incoming pulse. A simplified block diagram

for accomplishing this is shown in figure 3-147.

(A) f v - c( B) fv ,> fc
IN1I12-334

Figure 3-146. Running-Rabbit Patterns
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Figure 3-147. Simplified Block Diagram of a PRF Discriminator Circuit
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(I) A detected Incoming pulse envelop modulates a 10-mc oscillator

which drives a supersonic delay line. The material and length

of the line determine the time delay of the pulse as It travels

down the line. For examp!a, with a repetition rate of 1050 pps,

the delay would be equal to 1050 = 952 microseconds. The

delayed pulse and the succeeding undelayed pulse then enter the

coincidence stage. Only If both pulses arrive at the same time

are they allowed to pass to the video amplifier and Indicator.

Pulses, whose repetition periods do not equal 952 microseconds,

will not arrive together at the cotncidence stage and, there-

fore, will not enter the video amplifier.

(2) In cases where the parent radar has a staggered prf, a delay

line for each prf can be used, and the proper delay line switched

Into the circuit in synchronism with the radar's prf generator.

(3) Other useful prf discriminator circuits exist. Some of these

are: video integration and slowed-down video. A simple block

diagram of a video integration circuit Is shown In figure 3-

148. The integration method utilizes supersonic delay lines to

store target returns, which are then fed back to the input of

the delay line where they add to succeeding incoming puls3s.

This continues until a desired threshold is reached, whereupon

the pulses pass through the amplitude selector to the video

amplifier. Pulses of Incorrect repetition rate will not coin-

cide and add, and therefore, will not build up to the threshold

level. Slowed-down video also uses a delayed video process, but

matches a number of successive pulses for time coincidence. A

definite,fixed quantity of coincidencas (up to 8) can be requI

red before the signal is allowed to pass to the Indicator.
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Figure 3-148. Simplified Video Integration
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b. Double Threshold. Th. "double-threshold' method of detection to

uses prf discrimination. A certain fraction of expected target echoes gel

is required to exceed the receiver thresholo at the "precise" pulse col

repetition frequency before a target is declared present. For example, th

16 echoes might be expected from a target as the main beam -weeps past, in,

and the second threshold might be set at 8 puIlses razeived at the pre- se,

cise transmitter prf. "Precise" in the a&#,-..%e stataents can be taken to g r

mean that the prf of the accepted signals canno't t!dv-ite frr:m that of ni

the transmitter by more than 0.01 or 0.02 per-cent. Otherwise, the in-

coming pulses would "walk throughl" the acceptance time intervals before

the .riterion of filling the 8 gates was satisfied. In video or post-de-

tection integration, supersonic delay lines are used tc store target echo

pulses. These pulses are fed back to the videz) input and added until a

desired threshold is attained. If the time of arrival of successive pul-

ses does not correspond to the interpulse period, no Integration takes

place and a target Is not declared to be present.

c. Random PRF Emission. Deliberate prf Jitter, in conjunction with

receiver gating, can aid in avoiding other emissions with relatively sta-

ble prf's. In other words, If periods between pulses are staggered in a

random or near-random fashion, and receiver gates are set to be open dur-

ing these Intervals, the probability of a stable prf entering the gates

often enough to cause degradation is extremely small. The Interference

condition that such prf Identification techniques are not designed to

overcome is that of a nearly identical interfering prf. For this case,

it Is most desirable to have a choice of operating prf's available to

the operator. Even then, it may not be possible to find a clear prf In

a dense signal environment. Also, the equipment f-or prf discrimination

techniques is usuelly bulky anJ expe.,sive. The techniques usually result

in some range reduction. Therefore, prf discrimination Is not a cure-all

and should be used in conjunction with other methods in high-density en-

vi ronments.
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d. Pulse-Width Discrimination. Two types of pulse-width discrimina-

tors ore generally used. One type, known as an Integrator-discriminator,

generates a rarap which continues to rise for the duration of a delayed in-

coming pulse. If the pulse is wide enough, the ramp reaches a preset

threshold ievel and a gate allows the original pulse to pass on to the

Indicator circuits. In this way, the circuit discriminates against pul-

ses of !ess thaan a specified durat!on. Figure 3-14 9 shows a block dia-

gram cf a circuit which accepts pulses whose durations lie within defi-

nite lower and upper limits.

(1) The detected video pulse from the parent radar controls the dur-

ation of a ramp produced by the ramp generator. If the pulse

is wide enough, the ramp pAsses through the amplitude selec-

tor to produce a trigger. This trigger actuates the gate gen-

erator, which tuirns on the gated video amplifier. The recei-

ver pulse, wooich was delayed awaiting the above pulses, then

passes through the video amplifier to the Indicator. If the

detected video pulse Is wider than the parent radar-s pulse,

the ramp continues to fall at the output of the cathode follo-

wer. it reaches the preset threshold of the second amplitude

selector and then nullifies the effect of the trigger -,n the

gate generate.,; thus, no 9 te Is produced. The gated video

amplifier reirains shut-off, and the wide pulse does not ree;h

the Indicator. The setting of the amplitude selectors in this

circuit determinesthe minimum and maximum pulse widths that

will be accepted.

(2) Another type of pulse-width discriminator uses delay lines,

generally as reference standards, to which the width of the in-

coming pulse is compared. A simplified block diagram of a cir-

cuit which rejects pulses with durations outside fixed low and

high limits is shcwn in figure 3-150. Its operation Is explained

by using the waveforms shown in figure 3-151. A desired pulse
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width of 2 microseconds wlIl be assumei.d. The 0.2-microsecond

delay line, shorted at Its output, transforms an Input pulse

to two pulses, each of 0.4 rmicroseconds, twice the duration of

the delay line. The leading edge of the first pulse st&rts at

the leading edge of the receiver Input pulse. The second pulse

starts at the trailing edge of the receiver Input pulse. These

pulses are inverted by the amplifier and transmitted down the

I-microsecond delay line. They reappear at point (3), inver-

ted, 2 microseconds later. Of the three pulse-widths shown,

only the 2-microsecond Input pulse overlaps at point (3) to

build up to the amplitude discriminator threshold. This, in

turn, triggers the gate generator, which turns on the gated vi-

deo amplifier, allowing the 2-microsecond pulse to pass to the

Indicator.

3-39. Instantaneous Automatic Gain Control

A situation that arises often enough In radar systems (and possibly

also in other pulse applications) to demand special consideration is

that in which Interference in the form of a cw carrier or an amplItude-

modulated wave Is present. If the amplitude of the Interference Is small

compared with the desired pulse signal, It Is ordinarily sufficient to

provide adequate gain control. Where the relative amplitedes are reversed,

however, additional design features may be useful. These features act

in such a way as to preserve the Incremental gain of the receiver for

the desired pulse, while greatly reducing the response to the Interfer-

ing signal.

a. Suppose that the desired signal Is made up of a carrier frequency,

amplitude-modulated by a rectangular pulse. It is convenient to focus

attention on the if amplifier, and therefore f0 may be assumed to be In

the neighborhood of an Intermediate frequency, say 30 mc/sec. For ordi-

nary pulse lengths, such as I iLsec, the signal then consists of approxi-
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mately 30 oscillations. Supposealso, that the Interfering signal Is a cw

carrier of frequency fie If (fI - fo 0) I mc/sec, the envelope of the

combination -- signal plus interference -- will exhib;t at least one com-

plete cycle of the difference frequency (fI - f0). If, however, ýfI-f 0 )

<< I mc/sec, the envelope of the combination will be essentially the

steady value chpr-teristic of the cw carrier with a rectangular pulse

superimposed on it. According to the relative phase of signal and In-

terference, the resultant may be either larger or smaller than the cw

interference; thereforethe envelope may appear to have either a positive

or a negative pulse of amplitude equal to that of the signal, or there

may be any Intermediate condition. If repeated pulsss are viewed on an

oscilloscope in the presence of such interference, all values of the re-

lative phase between signal and interference are run through, and the

pattern appears to be filled in as shown in figure 3-152B. It is apparent,

therefore, that for part of the time at least, there is a change in the

amplitude of the envelope of signal plus Interference, which is compar-

able In magnitude to the amplitude of the signal alone. If this change

in envelope can be preserved, the signal may be recovered from the In-

terference.

b. The phenomenon of if overloading is well known. It will be re-

called that If the Input vs. output characteristic of a single if stage

is measured, a level of Input signal Is easily found such that increase

In Input produces no increas. In output. If this stage is so placed in

the raeelver that the level of the Interfering carrier at its grid is in

this region of no change of output, it is plain that the signal pulse su-

perimposed on the carrier envelope will be entirely wiped off and the

signal will be IoRt.

c. Two procedures might be adopted to combat this signal loss. The

first, reduction of gain ahead of the point at which overloading occurs,

is effective, but has the disadvantage of reducing the size of the desired

signal at the receiver output. The second procedure is provision of back-
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Figure 3-152. Waveforms of Signal Plus Interference
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bias In some form. An additional bias voltage Is added between grid and

cathode. Ideally, the magnitude of this bias should be comparable to

the peak voltage, or envelope, of the Interfering carrier at the grid of

the tube in question. In this case, the peaks of the waves of the inter-

ference come to approximately the normal quiescent point of the stage,

and changes in the size of the peaks are preserved.

d. Probably the simplest circuit that may be considered for this pro-

cedure is obtained by increasing the size of the normal cathode resistor

to the point where the tube acts as an Infinite impe,ance detector. To

prevent excessive loss of gain, the resistor is bypassed for the Inter-

mediate frequency. Normal operating current in the tube may be obtained

by returning the cathode resistor to a negative voltage, or the grid cir-

cuit to a positive voltaSP This simple circuit suffers from two disad-

vantages. First, It is dVfficult to secure enough bias voltage. In order

that the bias be equal to the peak voltage of the interfering carrier, it

would be necessary to achieve unity detection effic'ency. A large value

of cathode resistor and bypass condenser would then be required. To ob-

tain normal gain from the stage In the absence of interference, normal

values of cathode current must be used, thereby setting a limit to the

size of the cathode resistor. The second difficulty arises from the un-

desirable time-constant of the cathode resistor and bypass condenser.

If a strong signal, such as a block of normal echoes, ends suddenly, the

cathode bypass condenser will be left charged to a positive voltage which

It can discharge only through the cathode resistor, since the tube will

be cut off. This discharge may take several microseconds, during which

time the iecelver is insensitive to weak signals.

3-40. Limiters

Limiters, as their name Implies, are primarily restrictive devices and

it can be expected that distortion will result from their use, particu-

larly when the Input exceeds the limiting threshold. Limiters of the in-
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stantaneous noise-peak type generally distort the output whenever the

modulation of the incoming signal exceeds a definite percentage. The

effects of this distortion can be Intensified by the transient dirtor-

tion characteristics of the audio amplifier. In general, it :s very

desirable that either triode tubes be used in the audio amplifier, or

that a degree of degenerative feed-back be provided which will be great

enough to prevent "hang-over" or oscillations due to insufficient dam-

ping of the output circuit.

a. A good limiter of the instantaneous noise-peak type should cause

little or no distortion bel(i the modulation percentage at which Its

limiting action begins. Above this point, It should cause a very consi-

derable increase in distortion with increase in ridulation depth due to

effective limiting of the output wave on one-half cycle. Distortion,

caused by output limiters in either rf or af amplifiers,may be consider-

ably reduced by the filtering action of tuned circuits, or by low-pass

filters following the limiter. These remedial measures are generally

useful, however, only for cw reception.

b. Peak-noise limiters may be of either the shunt or series type.

In general, It has been four,O that the series type of limiter is more

readily applicable to existing equipments. The series limiter is one of

the simplest types of noise reduction networks. it Is also one of the

most useful. It is usually used in the af section of the receiver be-

tween the second detector and the first of amplifier. The basic series

limiter and two modifications are presented.

(1) Basic series limiter. The basic series limiter circuit is

shown in figure 3-153. The limitor operates as follows: A

dc rectified voltage appears across R I and Rf2 as a result of

the If carrier, The cathode of D2 is then negative with re-

spect to ground by the amount of this voltage. The plate Is

positive with respect to the cathode by one-half this voltage.
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This causes the diode to conduct since Its resistance is low

compared to the rest of the circuit. The output coupling ca-

pacitor is then connected to the junction of R, and R2 through

conducting D2 . This allows the af signal to be fed from the

detector DI to the af amplifier. Under these conditions, C2 is

charged through R4 to a point slightly more negative than tI'e

plate. The time-constant of this circuit is iong compared to

the time-constant of the plate circuit; therefore, if a high-

level noise pulse is received, it will drive the plate nega-

tive before the cathode can follow, and the diode will stop

conducting. This then limits the pulse. The pulse is usually

not of long enough duration to allow the cathode to go to its

full negative potential; the plate will then assume a positive

voltaSe with respect to the cathode and D2 will conduct again.

(2) Modification of basic series limiter. Figure 3-154 is a ,.dl-

fication of the basic circuit in that It has a potentiometer

substituted for fixed resistor Ri. This allows the limiter

threshold to be varied from about (5*, modulacion down to zero.

This ;s done by changing the voltage of the cathode with re-

spect to the plate of D2 . This circuit also contains another

diode, D3 P shunted across R3 to buck the Internal potential

of the limiter diode. This potential reduces the effectiveness

of the limiter at low carrier levels by raising the limiting

threshold. The voltage across R3 will keep the diode at cutoff

except at weak signals. This diode does)however, add some dis-

tortion and may be removed If distortion cannot be tolerated.

(3) Low-loss modification of basic series limiter. A low-loss

modification of figure 3-153 is shown In figure 3-155. The

plate and cathode connections of D2 are reversed. The cathode

Is biased negative with respect to the plate by a connection to

the Junction of R 2 and R3 through R4 and Rf5 Rh, C2 is the long
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time-constant cachode circuit as in figure 3-153Land R5 is the
cathode load resistor for D2 , RI is an rf filter element. The

limiting action of this circuit is identical with that of figure

3-153.

(4) Summary. The limiter with its modifications Is effective in re-

ducing the high-level pulse interference. Figure 3-153 has the
disadvantage that It only allows about one-half of the output

of the detector to be fed tn the af amplifier. This affects

only the reserve gain, and not the sensitivity of the recei-

vers. As previously mentioned, diode D3 of figure 3-154 will

allow limiting at lower carrier levels, but does add some

distortion to the audio output. Figure 3-155 allows more of

the signal to be fed to the af amplifier than figure 3-153,

but like figure 3-153 has no nmans of controlling the limiting

threshold.

c. Interfering pulses frequently can be of the same order of Intensi-

ty as desired pulses, and limiting circuits can reduce (or partially dis-
criminate against) large indeslred pulses. When the relative magnitude

of the anticipated signal Is known, techniques exist to discriminate a-

gainst much stronger and much weaker signals. Sensitivity, time control,

and automatic overload control are other examples of this approach.
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Section VI. TRANSMITTERS

3-41. General

TransmitLers, in general, are not susceptible to interfe,-ence; they may,

however, produce considerable spurious interference. The inte-ference

generated in a transmitter is usually catego;;zed as sporLcus and har-

monic emissions from thie case, leads and antennas; transmitter noise;

sideband splatter; and internodulation. These and other categories of

transmitter interference are described, as are optimum transmitter de-

sign and interference suppression data.

3-42. Transmitter Interference

Interference arises when off-channel transmitter signals produce on-

channel responses at a receiver tuned to a frequency other than the trans-

mitter fundamental emissiu,1 frequency (which is defined as the center fre-

quency of an assigned channel). Fundamental emissions are those rf emiss-

ions within the assigned channel; spurious transmitter emissions are any

rf emissions appearing at the transmitter antenna at frequencies outside

the assigned channel; and harmonic emissions are spurious rf emissions

that occur at an integral multiple of the fundamental emission frequency.

Spurious emissions from transmitters can be categorized as self-spurious

(emissions arising from Internal sources within the transmitter), and ex-

ternal spurious (emissions arising from the presence of interfering sig-

nals from other transmitters). There are five primary sources of spurious

signals In transmitters. They are: low-level oscillator and multiplie~r

stages with frequencies that are fractional multiples5 of the carrier fre-

quency; power amplifiers with frequencies that are harmonics of the carrier

frequency; mixer,or frequency synthesizing stages with Frequencies that

are not directly related to the carrier frequency; parasitic oscillatFons

in any stage; and noise. Spurious voltages, generated in a particular

stage, such as a multiplier or power amplifier, are primarily dependent

upon:

I) The nonlinear operation of components where current fluctuates:

for example, electron tubes, transistors, and diodes
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2) The impedance presented to the plate of a tube by passive cir-

cuitry

3) The input voltages to the grid of a tube, including all spurious

voltages from the previous stage

a. Direct Emission. Direct emission is the emission of electro-

magnetic energy at any frequency and from any location on the trans-

mitter other than the antenna; this includes transmitter-housing (case)

emission as well as feeder-line emission. Radiated interference can

emanate from any discontinuity in the transmitter housing; conducted in-

terference can propagate along any conductor passing into Lhe transm~tter.

b. Harmonic Emission. Harmonic emission is amission at a radio fre-

quency that is a fractional or integral multiple of the frequency of t~e

fundamental, or base-frequency, oscillator. Undesired harmonic and sub-

harmonic frequencies in the transmitter output spectrum are generated

in some nonlinear element in the transmitter itself (generally in the

output stage). Any distortion of the ideal sinusoidal wave-shape pro-

duces harmonics that are undesirable from the interference standpoint

and represent definite power loss and lowered efficiency. The funda-

mental frequency, and fractional or integral multiples of the fundamental,

may appear in the output spectrum. The most common off-frequency signals

that cause interference are harmonizs of the basic oscillator frequency.

In cases where magnetrons are the basic oscillators, there may be several

spurious frequencies that are not related to the carrier frequency. A

common practice in transmitter design is to employ an oscillator of re-

latively low frequency and then multiply this frequency using one or more

multiplying stages. During this process, harmonics of the base frequency

are al o multiplied. The frequencies of these spurious signals (f s) can

be determined as follows:

nf a Nf0 0

where: n - the order of the harmonic of the oscillator frequency, f 0

N - the number by which the base frequency has been multiplied
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c. Parasitic Emissions. Parasitic emissions are emissions at radio

frequencies that are ,'ot harmon!cally related to either the fundamental

frequency or the intermodulation products. Parasitic emissions occur

when a circuit is excited and goes into oscillation at a frequency other

than the desired one. These emissions include shock excitatio.: due to

internal transient phenomena and excitation of circuit components due to

the carrier signal.

d. Splatter.

(1) Splatter. Splatter is emission, falling outside the assigned

channel, that results from the modulation of a carrier wave.

(a) Angular modulation splatter. Frequency and phase modulation

systems theoretically generate an infinite number of side-

bands. The significant side-bands (those with amplitudes

greater than -40 db, referred to the unmodulated carrier) in-

crease with the modulation index. The modulation index of

a frequency-modulated signal is directly proportional to the

modulating signal amplitude and inversely proportional to

Its frequency. The number of significant side-bands decreases

as the modulation signal frequency increases, assuming a con-

stant amplitude signal Input. The bandwidth, occupied by the

significant side-bands of a frequency-modulated signal, is

equal to twice the frequency of the highest side-band. This

frequency Is given by the number of significant side-bands,

multiplied by the modulating signal frequency. Since the

number of significant side-bands decreases with increasing

frequency, the bandwidth of the frequency-modulated signal

tends to remain constant. The number of significant side-

bands in a phase modulation system is independent of the

modulating signal frequency. The bandwidth,occupied by the

side-bands, increases linearl'y with increasing modulation fre-

quency for a constant amplitude signal input. In either case,

the designer must select parameters that will ensure contain-

ment of all significant side bands within the assigned

channel.
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(b) Amplituee modulation splatter. When the amplitude of an rf

output is rot directly proportional to the amplitude of the

modulating wave, the modulation envelope is distorted. This

distortion causes new frequencies to be generated, tht com-

bine with the carrier to form new side-bands. Side-bands,

caused either by distcrtion of the modulated wave or by non-

ilnear operation, widen the spect.'um occupied by the modulat-

ed signal. When an rf output does not have an envelope di-

rectly propcrtional to the amplitude of a modulating wave,

side-band distortion and splatter are produced. The output

waveform, M(t), for sinusoidal plate modulation is of the

form:

M(t) - [1 + blm cos wmt + b2 m2 cos 2  t +(

2m (3-74)

bm 3 cos wmt ... + bmn cosn a)t cosWt

where: m - the modulation coefficient

w - the modulation radian frequency

ac - the carrier radian frequency

The b's in the expansion are determined by the curve-fitting

process. If this expression Is expanded Into all of its fre-

quency components, not only do the carrier frequency, w co

and the desired side-bands, wC + w M, appear, but spurious

side bands at u± rv nm, n A I, also appear. This method can

be used to predict accurately the amplItudes of the splatter

side-hands of typical plate-modulated transmitters; It re-

quires an accurate curve of rf output versus plate voltage.

e. Transmitter Noise Emission. Transmitter noise (including hum,

vibration, thermal noise) is that modulation of the carrior that Is

caused by noise generated In the various rf stages, together with noise

from the audio system and power supply. The type of Interference pro-

dup.ed by transmitter noise does not have a characteristic audio output

In a receiver being Interfered with and is,thereforenot easily recog-
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nized. The output of any oscillator consists of discrete and continuous

spectrums. The discrete spectrum comprises the desired frequency and

Its harmonics; the continuous spectrum is noise that results from such

areas as oscillator frequency jitter, power-supply noise, and tube noise.

interference from the continuous noise spectrum is primarily adjacent-

channel interference; it may, however, extend over a considerable number

of channels for a high-power transmitter. In general, this noise does

not degrade the des;red signal appreciably because the depth of modula-

tion or deviation due to noise is smail when compared to the desired

modulation. The amplitude of noise side-bands decreases rapidly with

frequency c-a.-dtion from the carrier; however, it is possible for por-

tions of the noise side-bands to extend into adjacent channels and be of

sufficient magnitude to cause interference. Class C amplifiers tend to

produce less noise outpt;t than linear amplifiers, and transmitter noise

increases as the transmitter frequency increases.

f. Transmitter Intermodulation.

(i) Transmitter intermodulation emission results from the inter-

modulation products formed by mixing two or more components

of a complex wave In a nonlinear stage within a transmitter.

Intermodulation products are significant because they effec-

tively extend the spectrum of out-of-band emission by the trans-

mitter, thus Increasing the likelihood of off-channel Inter-

ference.

(2) A prerequisite for rf intermodulation is the presence of two

signals and a nonlinear circuit element. If two or more sig-

nals are Impressed on a nonlinear element, mixing occurs in

such a way that all the harmonics and all of the sums and dif-

ferences of all the combinations become potential signals. In

the case of communications transmitters, the antennas may re-

ceive interfering signals that are conducted into the trans-

mitters through the transmission lines. Once such an Inter-

fering signal reaches a nonlinear element such as a power

amplifier, it can cause the generation of a broad band of Inter-
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modulation products and its own harmonics. The magnitudes of

the resulting signals are dependent upon several factors in-

cluding the impedance of the circuits they encounter, the

characteristics of the nonlinear elements, the relative strengths

of the mixing signals, and the rf bandpass characteristics of

the tuned circuit(s), transmission line and antenna involved.

(3) There are two types of transmitter intermodulation: audio and

radio frequency. Audio intermodulation occurs in the modulator

and rf stages, and may produce extraneous components in the

passband and adjacent channels. Radio-frequency intermodulation

requires the presence of an undesired signal, either internal

or external Io the transmnitter, which may produce radiation at

the undesired frequency, plus and minus multiples of the fre-

quency spacing between the desired and undesired frequencies.

(4) The final amplifier stage of a transmitter is usually biased

to operate in a nonlinear fashion, making It an efficient gen-

erator of intermodulation products. The mathematics of the

generation of intermodulation products in a transmitter are

very similar to those of receiver Intermodulation; however,

transmitter intermodulation is produced primarily by signals

that enter the piate rather than those that enter the grid

circuit. Only one external signal is required for transmitter

intermodulation product generation. The frequency of such a

signal, which differs from the desired signal frequency by

only a few hundred kc, may be passed by the transmitter out-

put circuitry at an amplitude sufficient to produce serious

intermodulation products when mixed with the desired signal

fundamental or its harmonics.

(5) Intermodulation products of three orders may be generated with-

in a transmitter output stage: the first, ?rImary mix Inter-

modulation, results from mixing of the harmonics of a desired

signal and an interfering signal; the second results from mix-

ing of the fundamental desired signal with harmonics of the

3-283



interfering signal within the desired signal transmitter; and

the third occurs when harmonics of the desired signal and har-

monics of the interfering signal -- both of which are generated

in the output stage of the desired signal transmitter -- mix.

All three orders can be identified by:

f fd N + I d N"s f2 " ) W, or f s f2 " ) 6f (3-75)

where: fs intermodulation product frequency

f d desired or carrier frequency

f I interfering signal frequency

N m product order

Af =fi - fd

These equations yield two products for each order; one that is

greater in frequency than the desired signal, and one that is

lower in frequency.

(6) Intermodulation products, generated in an rf amplifier, are re-

lated to the plate current, which can be represented by a power

series of the form:

I M a0 + aIe + a 2e2 + ae3 ..... (3-76)

The constants are determined by the tube characteristics and

operating point, which, in turn, are dependent upon the cir-

cuit parameters. Because of variations in tube characteristics

and circuit parameters, the constants must be evaluated for

each particular circuit. If the rf amplifier components were

perfectly linear, the 3rd, 4th, and higher-order coefficients
would be zero; howeer, componentssuch as vacuum tubes, are

not linear and have higher-order coefficients of significant

magnitude. If we assume an input voltage to the rf stage of

the form:

e a El sin wIt + E2 sinw 2t, (3-77)
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then the power series can be expanded to obtain the inter-

modulation products generated. The output, resulting from the

linear term of the power series, is of the same form and fre-

quency as the input; while the squared term results in a dc

component, components at twice the input frequencies, and com-

ponents at the sum and difference of the input frequencies.

These products will not usually be of importance when consider-

ing rf intermodulation in the output stage of a transmitter.

The output circuit is usually selective enough so that fre-

quencies, far removed from the transmitter-tuned frequency, are

greatly attenuated. The squared term, though not important in

the generation of transmitter intermodulation, may produce

serious interference in a receiver.

(7) The expansion of the cubic term produces a large number of

terms with components at the input frequencies, fI and f2 9 and
at frequencies 3f,, 3f2, 2f I ±f2 2f2 ± fl. The intermodula-

tion products of Interest are those that are in the transmitter

output passband. In general, they are the difference products,

mfI - nf 2 , where m and n are integers. The sum frequencies

produce components that are considerably removed from the trans-

mitter passband. The sum of m and n, usually referred to as

the Intermodulation prcduct order, Is the same as the exponent

of the lowest power term in the power s*rles that produces this

particular frequency term. The amplituaas of these signals

are proportional to EImE2 n, The harmonics of the carrier, nec-

essary for the production of these intermodulation prodLcts,

usually exist In the transmitter final amplifier at relative-

ly high levels. The amplitude of the intermodulation products

will be proportional to the n:th power of the amplitude of the

signal that generates the intermodulation product:

C En (3-78)

where: E. - intermodulation product amplitude
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E- interfering signal amplitude

n - order of the interfering signal required to

generate intermodulation product of order m + n

g, Shock-Excitation Emission. Shock-excitation emission is t.rans-

mitter radiation that results from external rf excitation in linear ele-

ments of a transmitter. When a short-duration pulse signal is applied

to a resonant circuit, the circuit oscillates for a number of cycles.

The oscillation assumes a damped-wave pattern; the number of cycles de-

termined by the Q of the resonant circuit, and the frequency of oscillation

determined by the natural resonant frequency of the circuit. Upon reach-

ing rf or if resonant circuits, short-duration, high-amplitude pulses

cause the resonant circuits to generate damped waves at the natural res-

onant frequency. Spurious outputs can also result from shock excitation

at frequencies other than the fundamental frequencies of nearby trans-

mitters.

h. Transmitter-Coupling Emission.

(1) Transmitter-coupling emission in a transmitter results when

intermodulation products are generated as a result of the mix-

ing of one or more signals in the transmitter. These signals

are Interference signals from other transmitters. When the

antennas or transmission lines of two transmitters are located

near each other, an appreciable rf voltage from one transmitter

may be Impressed across the output tank-circuit of the other.

Because of nonlinear phenomena In the final amplifier circuit,

this Induced voltage can cause the generation and radiation of

spurious frequencies at other than the operating-carrier fre-

quency of either transmitter.

(2) The spurious output, fs, of a transmitter with carrier f,'

when Loupled to a transmitter with carrier f 2 ' may be obtained

from the fol lowing:

fs n I f,.± n2 f 2  (3-79)
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This equation yields the intermodulation products of all orders;

third-order products are particularly troublesome in vhf systems.

(3) Interference-level prediction for third-order products -equires

a knowledge of various attenuation quantities existing Lttween

the desired transmitter and receivers and the undesired trans-

'iitter. The attenuations involved are shown on figure 3-156.

With A(2fI - f 2 ) as the attenuation of the third-order product

with respect to the carrier level of transmitter number TI (if

there were no peah losses between TI and T2), then AT is defined

as:

A AA +A + A +A + A + A + A + A(2f - f) (3-80)
T 1 1 2 3 4 12 131 2

Interference level (IL) is then obtained from;

IL - J - AT (in db) (3-81)

where: A - attenuation between transmitter Ti and antenna, at

frequency (2fI - f 2), in db

AI - attenuation between transmitter T1 and antenna, at

frequency f 2 ,1ln db

A2 - attenuation between transmitter T2 and antenna,at

frequency f 2 In db

A3 - attenuation between receiver R3 and antennaat

frequency (2fI - f2), ii db

A 4  - db of rejection of receiver front end with respect

to receiver tuned frequency

A1 2 - path attenuation between transmitting antennas at

frequency f 2 in db

A 1 - path attenuation between trancmitter T, and re-

ceiver for third-order intermodulation products

generated In the transmitter
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W - the db value obtained from the ratio of the out-

put voltage of the desired transmitter, eP, to

the receiver sensitivity, e r, both at a specified

impedance

then: W/- 20 log I-,eI P (3-82)

r
where: P - output power

R = impedance

A positive value of the interference level indicates that th.

third-order product power at the receiver terminals is above

the receiver threshold; therefore, the system experiences in-

terfarence.

A12 A13

A,2 Ai Af4 AS

TRANUMIYTTR TR *AI TTER NEWCVIER

72 TjR 3

t 'I

UNDIR RED 0D81 RED
IN12IR-2

Figure 3-156. Transmitter Coupling Attenuation

3-43. Trarnsmitter Interfertnce Reduction

Transmitters cause irterf-rerle by radiation and by conduction. The

iitererence may be in the form of spurious radiation, broadband or narrow-

b•nd emanations, modulation splatter, - i'otermodulation. Harmful inter-

ference nay be ca.seý: by a single .ranwmitter's emissions,or by the con-

tributions from hundreds of trans ,itters. These causes of interference

can be classified as spectrum congestioi, ard sycrem incompatibility. In

Drevedoting or minimizing transmitt-.r interference, both the transmitting
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and raceiving environments require attention. If for a particular

application, a frequency is causing trouble in adjacent equipment, the

interference can be eliminated by traps or stubs; if, however, the trans-

mitter is a production type that must be used in many different installations,

suitable filters should be designed to suppress all the outputs to a neg-

liiible level. These filters should be placed in the power leads, antenna

leads, and control leads. Also, to preclude case radiation, cases must

be sealed by rf gaskets and perforated screens to prevent rf leakage. The

maximum protection possible against interfering si-nals should be provided

at all times.

a. Frequency Generation. Certain design practices that reduce spurious

signal generation should be followed whenever applicable:

i) Tuned coupling networks should be used to prevent the passage of

spurious signals to succeeding stages

2) Oscillator circuits should be decoupled from both input and out-

put stages

3) The power amplifier should not be used as a frequency multiplier

because it will contain a large undesired component at the fund-

amental or excitation frequency

4) The output stage should be designed for low distortion at the re-

quired power output to minimize the need for excessive grid exci-

tation and heavy loading, both of which lead to the generation

and transfer of spurious signals into " antenna

5) The use of frequency multiplicaLlon L. 4dnerate the carrier fre-

quency should be avoided except when absolutely necessary

6) Where applicable, multituned devices should be used for all tuned

coupling circuits

7) The frequency stability of a transmitter should not be less than

that required to ensure proper operation of the associated re-

ceivers. Improved transmitter stability results in reduced receiver

bandwidth requirements. Many receivers are intentionally designed
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with broad selectivity characteristics, sometimes at the ex-

pense of sensitivity, to compensate for transmitter drift.

Ultimately, stabilities of the order obtainable by crystal

control should be maintained

If these measures are followed, together with careful shielding and de-

coupling of the individual stages, the spurious content of the rf carrier

can be reduced to a low level.

(1) Mixers are sometimes used in the frequency-generating scheme of

transmitters. In some transmitter-receivers, the receiver local

oscillator is also used for the transmitter. A signal from a

crystal oscillator is added to the signal from the receiver local

oscillator in a mixer to produce the transmitter frequency.

Spurious emissions are generated in the mixer. For example, when

a signal from a crystal oscillator at frequency, f, is added in

a mixer to a signal at frequency f 2 ,to produce a desired signal

of frequency fI + f2 # then signals are also produced at such fre-

qu..ncies as fI - f2, 2fl 1 f 2 ' f •± 2f 2 and 2f 2 ± 2f,, etc. One

wav to eliminate spurious radiations, originating in r mixer is

to eliminate the mixer and use a direct means of frequen.y gen-

eration. if, however, a mixer Is used in generating the trans-

mitter frequency, the spurious signals generated there should be

attenuated to sufficiently low levels by the tuned circuits fol-

lowing the mixer. A double-tuned circuit in the mi)'er output

circuit and a double-tuned circuit in the driver-plate circu't

will usually be satisfactory In reducing the level of spurious

signals. Good shielding should be used between stages, and rf

paths should be decoupled to keep the spurious signals from reach-

ing the power amplifiers. Spurious radiations, whose frequencies

are harmonics of the carrier frequency and which originate in the

power amplifiercan be reduced by a double-tuned circuit. A

typical circuit is the inductively-coupled a:itenna tuning circuit

shown on figure 3-157.
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Figure 3-157. Double-Tuned Tank Circuit

(2) Shunt feeding of the high-voltage supply to the final stage plate

is employed in some transmitters; and a tap on the plate tank

ib used to couple to the antenna. This type J•f coupling should

be avoided because it eliminates the additional tuned circuit of

the antenna coupling and tuning circuit. A pi-section tank cir-

cuit is used in some transmitters because of the wide variation

in antenna Impedances through which the transmitter must work.

A pi-section, although similar to a low-pass filter section, is

usually ineffective in suppressing harmonic radiation. A double-

tuned tank circuit should be used in preference to a pi-section

tank circuit. A double-tuned tank circuit will reduce harmonics

more effectively than a single-tuned one.

(3) A comparison of the 2nd, 3rd, 4th, and 5th harmonics of three

typical transmitters is shown in table 3-9. In this table,

the transmitters are labelled as to type of output tank circuit.

The transmitter with the double-tuned tank has its highest spuri-

ous radiation level 45 db below the carrier, while the s!ngle and

pi-section transmitters are 10 and 9 db higher, respectively.

3-291



The levels shown in the table are typical levels to be ex-

pected in transmitters with no extra circuitry to reduce har-

monic radiation. To reduce the harmonic radiation further, low-

pass filters must be incorporated between the tank circuit and

the antenna. A simple filter, consisting of a constant-k, pi mid-

section and two m-derived terminating half-sections, will give

approximately 40-db attenuation to most of the harmonics, depend-

ing upon the carrier frequency. More elaborate low-pass filters

can be built to suppress harmonics by 60 db. For transmitters

operating above approximately 100 mc, re-entrant cavity filters

can be used. These have the added advantage of being band-pass

rather than low-pass filters. A combination of a double-tuned

output circuit and a 60-db low-pass fiiter will reduce harmonic

radiation approximately 105 db. Good shielding of the filter

is necessary to prevent radiated coupling from bypassing the

filter.

TABLE 3-9. LEVEL OF HARMONICS BELOW CARRIER FOR THREE TYPES
OF TANK CIRCUITS

Harmonic Pi-Section Sinqle-Tuned Double-Tuned

2 36 db 35 db 45 db

3 47 db 61 db 64 db

4 54 db 61 db 65 db

5 60 db 67 db 73 db

(4) The use of a low-pass filter introduces another problem in trans-

mitter design. Many transmitters operate over frequency ranges

that cover one or more octaves. It is very difficult for one

filter to attenuate the second harmonic of a signal at the lower

end of an octave and pass a signal at the high end of an octave.

Therefore, it is necessary to use more than one filter to cover

the octave range. The problem is further compounded in trans-

mitters that switch tuning ranges in octave bands. For example,

in a transmitter that has an exciter which has four bands (1.5 to

3, 3 to 6, 6 to 12, and 12 to 20 mc), the first three bands are

octave bands. If low-pass filters are used in transmitters with
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such an arrangement, two low-pass filters would have to be used

in each octave band, and provisions for switching filters some-

where within each band would have to be made. Another technique

would be to design a multiband transmitter with each band cover-

ing less than ornoctave, and then switch in a separate filter for

each band.

b. Channe!-Width Considerations. A basic difference between desired

and interfering signals is their frequency content: an interfering signal

can be spread over a considerable portion of the frequency spectrum; a de-

sired signal usually lies within a well-defined region of the spectrum.

One of the most important considerations in the design of an interference-

free communications system is the chanrel width. At the present time, fm,

am, and single side-band systems are '-eing operated simultaneously in the

same frequency bands, and within chan'el separation distances that permit

the systems to interfere with each other. It is necessary, therefore, to

choose channel widths that will accommodate all types of modulation; other-

wise there will be adjacent channel interference between systems. If a

channel is too wide, valuable frequency spectrum will be partially wasted.

If a channe; is too narrow, stringent requirements are placed on the equip-

ment, usually at added cost, and increased interference may result. A

communications system's operational channel width should be chosen on the

basis of the following factors:

I) Accuracy and stability of the receiver

2) Accuracy and stability of the transmitter

3) Frequency changes due to Doppler shift

4) Modulation bandwidthý

5) Guard-band requirements

Accuracy and stability considerations are of prime importance. If a trans-

mitter drifts sufficiently far from the center of its channel, modulation

sidebands can splatter into an adjacent channel. If a receiver drifts

sufficiently far from the'desired center of its channel, it can receive

modulation interference from the adjacent channel, which can cause cross-

3-293



molulation with resulting high-frequency chatter in the receiver. If a

transmitter is sufficiently detuned relative to a receiver that is receiv-

ing its signal, severe loss of intelligibility and operating distance can

result. Transmitter bandwidth should be held to a minimum consistent with

overall circuit requirements.

c. Component Selection. Components utilized in rf circuitry should be

designed for frequency ranges beyond those in which the equipment is in-

tended to operate. In the selection of a coil for use in a tuned circoit,

for example, the impedance of the coil is a function of frequency. The

distributed impedance of the coil can cc.ube multiple resonances: there

will be as many resonances as there are frequencies at which the inductive

reactance is equal to the capacitive reactance. The solution to this

problem is to select only components whose inductive reactance and capaci-

tive reactance produce resonances at frequencies greater than the operating

frequency. In general, this means that high-quality components should be

used, lead lengths should be kept short, and good judgement should be ex-

ercised isn component placement.

d. Oscillator Stages.

(1) Communications transmitters are rarely operated at frequencies

such that the desired rf output and oscillator frequencies are

the same. In many transmitters, the output frequency is a mul-

tiple of a basic oscillator frequency. This means that, unless

proper precautions are taken In the design of the transmitter,

each harmonic of the oscillator frequency may appear on the

transmitter antenna. There are several ways in which spurious

oscillator outputs can be controlled and contained. Complete

enclosure of the oscillator for the purpose of shielding and

containing the radiation is general practice in well-built

transmitters. Metal walls and metallized gaskets for all covers

on an enclosure should be used to restrict the radiation of rf

energy from the oscillator. All nonsignal circuits should be

filtered.
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(2) Most transmitters use a common power supply for several low-power

stages and the basic oscillator. There is no objection to this

practice provided proper precautions are taken to minimize the

undesired transfer of rf energy between the stages. Common fila-

ment or heater leads can be serious offenders in many transmitcers

of this type. Where a single transformer is used to supply

heater voltage to several stages, one or more of the follow-

ing measures will be found of assistance in interference cuntrol:

1) Bypass all heater leads to ground with mica capacitors at

each electron tube socket, using the shortest possible

capacitor leads

2) Insert rf chokes of adequate current-carrying capacity in

heater leads at the electron tube sockets, and bypass as

in 1)

3) In extreme cases, use series, shunt, pi, or multiple-

tuned networks

4) Bypass all power and control leads entering the oscillator

enclosure at their points of entry

(3) In transmitters where the basic oscillator frequency is multiplied

at a low level and then amplified, spurious radiations, at every

frequency present in the low-level stages, invariably appear in

the transmitter output. Signalsat harmonics of these frequencies,

also often appear. These radiations should be reduced to accept-

able levels. To do this, use as few stages of frequency multipli-

cation as possible. In transmitters that employ self-controlled

oscillators, only two stages of frequency multiplication should

be used. It is best to use the oscillator frequency straight

through. The tuned circu:ts of the multiplier and driver stages

in the transmitter have to reject signals at frequencies lower

than that to which they are tuned. The greater the separation

of these frequencies, the greater the rejection; the lower the

order of multiplication, ihe greater the separation of frequencies.
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Furthermore, the lower the order ot multiplication, the fewer

the number of spurious frequencies geolerated. For example, an

am transmitter, operating in the 116-to 132-mc band, has a frequen-

cy multiplication of eighteen. The crystal oscillator operates

near 7 mc and is followed by two triplers and a doubler. Spuri-

ous radiations existed at every multiple of 7 mc up to 1000 mc.

By changing the oscillator to 14 mc and multiplying the frequen-

cy 9 times, one-half of the spurious radiations were completely

eliminated.

(4) In transmitters in which it is necessary to emp4oy frequency

multiplication, double-tuned circuits should be used between a.'

stages. In addition, there should be at least four tuned cir-

cuits, tuned to the output frequency, ahead of the final ampli-

fier. A double-tuned circuit between the last multiplier and

the driver, and a double-tuned circuit between the driver and

the final amplifier, con reduce the spurious radiations gener-

ated in the low-level stages more than 80 db below the carrier.

Good shielding between rf circuits is necessary to prevent

coupling of undesired signals from stage to stage. If these

measures are taken when designing transmitters, spurious radi-

ation can be kept to levels of 80 db,and more,below the carrier.

j" Output and Antenna Staqek. When designing the output stages and

antenna circuit, several design procedures should be kept in mind:

I) It should be possible to obtain the nominal output over the en-

tire tuning range

2) The operating angle of power output tubes should be J;lected to

reduce the number and magnitude of spurious signals

3) Push-pull output stages should be used

4) The antenna circuit should be filtered with either a low-pass

or a band-pass filter

5) Nonlinear elements should not be used in the antenna circuit
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6) The antenna-feed circuit should be completely shieided

7) Antenna gain and front-to-back ratio should be as high as prac-

ticable

8) Antentia bearnwidth in azimuth should be the minimum practicable

9) Antenna beamwidth in elevation should be the minimum practica-

ble

10) Antenna sidelobes should be minimized

f. Power Output. In general, transmitters should have means for vary-

:ng radiated power continuously, so that, in the interest of reducing in-

terference, only the minimum power required for satisfactory operation is

radiated.

j. Output Filters.

(I) Many techniques are possible to minimize spurious emissions and

responses; use of filters for transmitters and receivers rep-

resents the direct approach. Most filters have periodic charac-

teristics; that is, a filter will asttenuate certain prescribed

frequency bands, but will pass many other bands spaced period-

ically throughout the spectrum.

(2) Waveguldo filters, that are capable of handling peak power values

of the ord2r of 5 megawatts with Insertion losses of only 0.1 db,

can be fabricated for harmonic suppression. The use of such

filters can alleviate spurious emission conflicts in receiving

systems whose operating frequencies are considerably removed

from the frequency band of the transmitter in question. A tuna-

ble filtor with a narrow bandwidth can reduce, If not el;minate,

interference between transmitters using the same frequency band.

(3) Harmonic-suppression filters can be used at the output of trans-

mitters, before undesired frequencies readc the antenna, or in

the antenna input circuits of receivers. Ideally, the filters

should be installed as close as physically possible to the in-

terferene sources. Some of the factors to be considered in

3-297



the proper use of a harmonic filter are:

1) In the pass-band, the filter should perform as a conven-

tional transmission line section, and the filter should

not cause an insertion loss greater than 0.5 db, cr a VSWR

greater than i.I. If there is a mismatch, it should not

reduce the output power of the transm'tter below a speci-

fied level

2) In the stop-band, the attenuation should be at least •

db,or enough to bring the spUrious emissions to the level

required by the applicable specifications, whichever is

greater

(4) Wherever good engineering practice permits, harmonic filters

should be the low-pass type because frequencies below the funda-

mental are usually at a lower power leve' than the harmonics.

in cases where the fundamental is formed by frequency synthesis,

and strong subharmorics are present, a band-pass filter should

be used. The preferred cut-off frequency of a harmonic filter

depends on the i.Jividual application. For example, if a trans-

mitter has a desired fundamental frequency, f0, of 100 mc, and

the first spurious frequency (the second harmonic) is 2foor 200

mc, a good choice for the cutoff frequency is 1.5 fop or 150 mc.

(5) Conventional filters, consisting of a combination of constant-k

and m-derived sections using lumped parameters, can be used suc-

cessfully up to 100 mc. However, as the frequency is increasea,

it is increasingly more difficult to develop mass-produced units

using lumped parameters. For this reason, at the higher frequen-

cies, transmission-line filter elements or waveguide filters can

be used.

h. Spurious and Harmonic Emission.

(1) Reduction of spurious outputs in transmitters should be con-

sidered in the initial design of the oscillator. Elimination

of spurious outputs not only prevents interference, but in-
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creases the fundamental power output of the transmitter. Unless

a stage is absolutely linear in operation, spurious or harmonic

frequencies will appear in the plate circuit. In the Class C

power amplifier of a transmitter, considerable harmonic current

exists. These harmonics appear at the output unless they are

elimina'ted by tuned circuits; consequently, the selectivity of

the tuned circuits following the final power amplifier determines

the ultimate harmonic content of the transmitter output. The

frc;quency of the spurious and harmonic emissions from a trans-

mitter using a master oscillator can be identified by:

nff 0

fs "k (3-83)

Those spurioLs and harmonic emissions, from a transmitter utiliz-

ing frequency synthesis or automatic frequency control,may be

identified by:

f n f1 to (3-84)

where: fs m frequency of spurious emission

m,ln - integers 0, I, 2, 3,

p a 1, 2, 3, ...

f 0 = transmitter operating .requency

f = transmitter master oscillator frequency

f
k 0- fo - frequency multiplication f tor

mo

fo "0 local ,scillator frequency

f t transmitter oscillator frequency

(2) Usually, the envelope of the spurious and harmonic emissions

does not decrease linearly with frequency; rather, it tends to

undulate. In transmitters of the same type, variation of pa~a-
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meters such as wirih~g, circu- ccomponent values, blosir-j ivels,

ancr vacuum tobe charactei ;s ic• will hi;:t tti frce.iuenc'j spe-:t-u.

of the envelope. This displa;eme.t 'es.l • in vat;a-> ii the

levels of harmonics from cne transmitter to anoth, • f,.Prt is

no definite cutoff point, with respect to frequency. for J'i ,hr

the harmonic or spuri is emissions.

(3) Tubes -.houlJ be operated in a mode that genera:es a minuT,,u, nuim-

ber of harmonics. Design engineers can use Fourier analysi,; of

the w&veform to predict the harmonic content of a particular out-

put. Such an analysis for the output of a Class C amplifler, is

preserted: this type of an analysis car, be applied to any type

of .ircuit. Assume that the s~gnal, e9, of a tube-operal:ed Class

C amplifi ,r, is composed of a number of harmonic sinusoidal sig-

nals, and that the lowest-frequency signal present is at radian

frequency w1P then:

A
I - T-+A cos CU t + A cos 2w t + ....
p 2 1 1 '2

(3-85)

+ B sin wlt + B2 sin 2 I t +

where:

An f Ip cos rn, It dt

2 f',
Bn ,, p sin nwot dt

0

and:

23 I
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I, the conduction angle of a tube is specified, and, if the

amplitude of the plate current during conduction is specified

as a function of the tube characteristics, plate-supply volt-

age, grid-bias voltage, and grid-driving voltage, it is possible

to solve for the coefficients A and 0 for each value of n
n n

that is of interest. This method requires measured data for

the conduction angle and plate impedance of the output tube, and

for the spectrum of the grid-driving signal.

(4) To reduce or eliminate harmonics, filters can be placed in the

output circuit of the transmitter. In addition, the use of suit-

able coupling circuits, such as filters o, tuned traps, will re-

duce the generation of harmonics. Filters used should be capable

of handling the fundamental power frequency with a minimum of in-

sertion loss. Bypass filters in both B+ and filament circu;ts

will prevent harmonics from reradlating to other circuits.

(5) Guy-wires should be divided into insulated sections, the lengths

of which should not be harmonically related to the operating fre-

quency. Such a division prevents the excitation and reradiatlon

of spurious transmitter radiations by resonant length3 of guy-

wire. Abandoned antennas and guy-wires should be completely re-

moved. Merely grounding an unused piece of wi- it, not sufficient

to eliminate it as on Interference source.

(6) All joint:s and connections exposed to the wca3ther should be de-

siqned for ease of inspect'on because oxides formed at joint in-

terfaces may act as nonlinear elements and cause the generation

oF spurious signals. Antenna and ground connections should al-'

ways be made so that an oxide film cannot form between contact-

ing parts. Joints should be waterproofed, if possible.

(7) Provisions should be made to allow transmitters to be tuned for

maximum attenuation of spurious radiation. Transmitters, using

variable frequency oscillators, sltould be tuned to the operating

frequency with a frequency meter, and checked periodically to en-

sure on-frequercy operation. Crystals in transmitters ,hould be
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chocked periodically to ensure that the transmitters are operat-

ing at the correct trequency. Output power and bandwidths should

be maintained at the minimum level consistent with reliable com-

munications. Radar output spectra should be monitored to deter-

mine whether excessive sidebands are present, and whether the

magnetron requires frequency adjustment or replacement.

(8) Spurious external cross-modulation interference may be generated

by a metallic device exposed to strong electromagnetic fields.

Such interference will be generated when such device:

a. contains a self-resonant circuit at

fr = nfI ± Nf 2  (3-86)

where: f r is the self-resonant frequency of the device

f and f2 are the frequencies of the electromag-

netic fields

:n and N are Integers

and:

b. when the device contains a non-linear circuit element

coupled to the device self-resonance.

Metal building framewrk, gutters and down-spouts, lightning

rods and ground leads, fences, open-wire lines, stoves end stove

pipes, metal doors and door tracks, are all examples of metallic

devices capable of creating such Interference. All such devices,

required to be located within high electromagnetic-field ambients,

should be designed with suitable bonds and grounds, and be ade-

quately mairtained to prevent formation of metal/metal oxide non-

linear Interfaces between elements. In some instances, "spoller"

elements may be added to the device to detune structural reso-

nance.

i. Parasitic Emission.

(1) Within a transmitter, parasitic. a trtions can arise from such

sources as intercinectinq ledds between tubes, and components
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that may develop significant power at their own self-iesonant

frequency. Shock excit ion of various resonant circuits by

trAnsient signals within the transmitter, can also produce para-

sitic emission. These emissions may emanate from oscillators,

amplifiers, and almost any other electronic circuit. In addi-

tion to radio interference, these spurious frequencies may

create distortion in linear amplifiers and modulators; causing

undesired side-bands in transmitter outputs, flashover, re-

duction of useful power output, and other undesirable effects.

Parasitic emissions are difficult to locate and, in general,

cannot be measured separately from the overall transmitter

emission pattern. Procedures, for identifying this type of emission,

should be worked out during spurious-emission measurements.

(2) Methods of suppressing parasitic oscillations are basically the

same as for spurious emissions. Oscillations may frequently be

suppressed by minor circuit modifications, such as the insert-on

of a small resistor, or the replacement of a choke coil. The

first step in suppression of these oscillations is to locate

the offending circuit. When it has been located, necessary

modifications should be made; these should not affect the normal

operation of the circuit. Radio-frequency amplifiers can be

neutralized by feedbdck circuits, or by screen-grid neutralization.

A small resistor, of from 1.0 to 25.0 ohms,can be inserted in

series with the grid or plate lead of the tube in the offending

circuit; it should be sufficiert to damp out the parasitic oscil-

lations. If the cause of the oscillations is a stray resonance

between an rf choke and its own distributed capacitance, or some

other capacitance in the circuit, another choke wich different

inductance can be substituted. The insertion of a small re-

sistor; in series with the chokewill also eliminate the para-

sitics. Sometimes a slight detuning of certain elements, not

enough to cause any detrimental effect to normal operation, is

effective in eliminating parasitic oscillations.
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.L Side-band Splatter. Suppression of side-band splatter is accom-

plished by increased filtering, improved linearity, rf feedback, and regu-

lation of the power supply. Nonlinear modulation limiters produce a con-

siderable amount of side-band splatter. Modulators should use linear amp-

lifiers, where possible, and have their outputs filtered to generate only

the desired frequency spectrum.

k. Modulation Splatter.

(1) Interference caused by modulation splatter can be effectively con

trolled by audio processing and modulation limiting. Speech

processing and modulation-limiting methods vary wit', the type of

modulation.

(2) Splatter may be r:inimized,in transmitters employing voice-band

channels, by use of limiting amplifiers to avoid overihiodulation.

This approach is effective on transmitters using amplitude, fre-

quency, phase, and single or double-single side-band modulation

schemes. When multiple voice-band channels are used, such as

two 3-kc channels on both the upper and lower side-bands of a

double single-side bana transmitter, limiting amplifiers should

be used on tach voice-band input. Each input should contain a

suitable band-pass filter, limiting the frequency range to 300-

3000 cycles.

(3) Peak ci ipping may be employed to remove the large (6-9 db) tran-

sient spikes present in the audio spectrum of the average -ale

voice. Waveform clipping introduces a large amount of odd-order

harmonic distortion. The amount of clipping must be restricted

to avoid generation of side-band components which might cause

more interference than the unclipped wave forms. Generation of

odd-order harmonic distortion may be avoided by:

I) Separating the voice-band spectrum into third-octave

segments in.suitable filters

2) Clipping each segment
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3) Removing the odd-order harmonics by passing eacih s.-ctral segment

through a second third-octave filter

4) Reconstituting the voice-band spectrum by combining the third-
octave segments in a suitable amplifier

(4) The absolute power 'evels of the sidebands of an fm transmitter

may be computed from the following:

Wp = W0 - 20 log [ ] ] dbw (3-87)

m

where: W W the absolute power level of the sidebands
P

W 0 the unmodulated carrier power in decibels

below one watt

ip(f6F - Bessel ciefficlent of the first kind of order

p and argument ( f

m
AF - frequency deviation

f a modulation frequency

(5) A severely clipped sinusoidel tone (fig. 3-158A) may be closely

approximated with a symmetrical trapezoid wave (fig. 3-158B).

The nth spectral-codmponent amtplitude of such a wave is given

by:

2A(t +d) -s ln (ninrJ/T)l [sin Lhn(t+d)/Tl_Cd/T 1 (3-88)
n A T () t/ i)1 1 no (t+d)/T

If the degrie of clipping of positive and negative half-cycles

is equal, then(t + 4- T/2 (fig. 3-158B) and:

Cn Asin (n1it/T) L n (ni/z)J (3-89)
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Figure 3-158. Approximation of Clipped Sinusoidal Tons
by Trapezoid Waveform
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The value of t is found fron a specification of the amount of

clipping, N, in db:

N = 20 log in (k (3-90)

t = -- sn lantilog (2 (3-91)

As an example, consider the case for 10 db of clipping (N 1- 0 db):

t =1 sin- (anti log -0.5)

t = .102 T

The amplitude of the nth harmonic is then:

C Ar [ in (. 102 nit I]r(sin AnE 2 1n (.102 nir) n,/2

A simplified expression for the worst-case amplitude of the nth

harmonic, ignoring sign, can be obtained by letting

sin (.102 ni) - I and sin (rw/2) - I

Then, for n > 5 and odd:

A.
Cn (.102 nx) (r1/2)

C n 1.99 A

N

Using this expression for iarmonic amplitude, the powers

radiated in the sidebands due to distortion products can be cal-

culated as follows:

The general expression for a Bessel coefficient of the first kind

is'

""6.2.L." (_AF)p+2k (3-92)
Pmf 4 k! (p+k) ! tIfm

If (AF/f m) is sinai, the first term of the series is a reason-
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able 3pproximation.

j. (f- F) z I (_AF)Pm A mF < o.1, k=O

Pfm p 2fm fm J

Since the umplitude of the sideband components, Jp(-ý-), diminishes
m

very rapidly for small ( f ), only the case (p = 1) need be con-

sidered: m

(_ t I(3-93)

m m

Thus, the relative amplitude of the first order sideband is
S2

AF 1 AF
f , and the related relative power is 20 log 2 f
m m

1. Transmitter Noise Emissions. Reduction of transmitter noise can

best be accomplished in the design stage by providing suitable filters

following the audio stages, mixers, modulators, and oscillators. An opti-

mum design including these filters will have a noise output that is de-

termined, to a major extent, by characteristics of the final amplifier

stage.

!a. Intermodulation. Several techniques may be employed to reduce the

effects of transmitter intermodulation. Frequency assignments should be

established,where practicable, so that the third- and forth-order products

do not fall on, or immediately adjacent to, desired receiver frequencies.

Selective filters can be used to provide additional selectivity (for ex-

ample, isolation) between transmitters. Linear-amplifier techniques can

be used to reduce the basic Intermodulation product that is generated.

The generation of the car,'ier frequency by a mixing process should be

avoided. Only when absolutely necessary should frequency multiplication

be used to generate the carrier frequency. All tuned coupllng circuits

should be multituned devices.

n. Blanking. Intensity-mcdulated displays, that must operate in a

pulsed-interference environment, lend themselves particularly to the use
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of blanking techniques. By blanking the display during periods o,' trans-

mission by an offending transmitter, and causing the blanked region to

move constantly on the display, virtually all interference can be renm.ved

with very little loss of useful information. Wh1-re a number of transmit-

ters and receivers must be located in the same vicinity, blanking can be

accomplished by direct interconnection. Another approach for this appli-

cation involves the use of a self-contained blanker. The blanker consists

of a wide bandpass gating receiver containing delay circuitry and placed

ahead of the normal system receiver. The gating receiver is set to blank

the system whenever the spectrum components of a transmitter appear above

an objectionable level.

o. Signal Integration. A number of integration techniques can be em-

ployed effectively to reduce interference in such'equipment as radar

units. They make use of the fact that, while a target signal appears 4:t

approximately the same range on a number of successive returns, random

interfering pulses do not. If several successive r,.,turns are required to

dxceed a preset threshold level, the random pulses neve appear at the

rjtput. Radar trfcking circuitry usualiy Includes a si, 'Ie form of in-

tegration. The characteristics of phosphors,used *:, co ventional intens-

ity-modulated cathode-ray-tube displays,do not provide 'kjflicient inter-

ference rejection by integration. Storage tube devices, on the other hand,

are particularly well suited to this application because of the!r control-

lable Integration characteristics.

.. Effects of Transmitter Spurious Outputs. 7o predict the effects

of spurious signals on nearby receivers, the f~llowing computation may be

used:

PR - (PT - KS - KT + 6T)

d2 (3-94)

-10 log 70 - + (GR - KR)

where: PR - power at the receiver antenna terminals (dbw)

P r - power transmi tted at the fundamental frequency (dbw)
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-s M wavelength of fundamental, harmonic, or spurious signal

(meters)

KS - attenuation of signal ( X s) below the fundamental signal

(db)

KT = attenuation of transmitting antenna feed system at ( X S)

GT - gain of transmitting antenna with respect to a d;pole (db)

at A

d - transmitting-ta-receiving antenna separation distance

(meters)

GR - gain of receiving antenna with respect to a dipole (db) at

X
S

KR - antenuation of receiving antenna feed system at Xs

All factors in the equation must be known to mak,; accurate predictions.

Such complete data, however, is not generally available, and certain ap-

proximations must be made. While PT' KS, d, and X must be known,

reasonable values can usually be assumed for KT, G , GR and K R All a-

vailable data should be used to arrive at as close an approximation as

possible. When the antenna feed system :onsists of a waveguide, the at-

tenuation (KT or KR) below cutoff can be computed from:

K or K " Ii^c I - db (3-95)T R Xc1-d

where: -a length of antenna feed guide (meters)

Xc - cutoff wavelength of waveguide (meters)
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i

I At frequencies above cutoff (for the relatively short lengths involved in

antenna feed systems), it is safe to assume no a ~tenuarlon; KT or KR . 0.

For lower frequency systems that do not employ waveguide feeds, KT and KR

can also be assumed equal to zero. It is freqvently necessary to approxi-

mate the transmitting and receiving antenna gains as well: he.e again GT -

G = 0 can be used.

I
I

i

I
I
I
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Section VII. ANTENNAS

3-44. General

a. Controlling the generation, propagation, and eff -ts of interfer-

ence from antennas,will enable the design engineer to minimiLe the trans-

mission or reception of undesirable or spurious signals. Such signals

are radiated by antennas in various frequency ranges, modes, signal in-

tensities, and directions. A perfect antenna would transmit a signal on-

ly of the desired frequency, power, and mode; and in a direction deter-

mined by the design criteria of the antenna. In practice, however, the

perfect antenna does not exist, and undesirable or spurious sigrals are

radiated or received.

b. Interference problems arise when an antenna radiates undesirable

energy from an energy source. An antenna, located in the electromagnet-

ic field create6 by this undesirable energy, will collect the energy arid

transfer it into a receiver or other device to which it is connected

The ease with which this occurs depends upon the particular characteris-

tics of the antenna. The same antenia properties, that aliow energy to

propagatecan be used to Impede its transfer. Anter;ias,that keep the

transmittal of undesirable signals to a minimum, can be selected by fol- L

lowing such design practices as increasing the aitennas' directivity, re-

ducing side-lobe sensitivity, or eliminating back lobes.

L
3-45. Types of Antennas

0

Antennas take many forms and sizes,such as dipoles, whips, parabolic

reflectors, and horns. Some types of antennas,and their ncrmal frequen-

cies of use,are shown in tablm 3-10. The choice of ant.,•;,oa depends on B

tReir use and such other factors as:

Ei
i) Whather omnidirectional, directionai, fixed, rotating, or irack-

2) Scan rata
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FABLE 3-10. TYPES OF ANTENNAS

0.150-30 mc .0-60 mc 60-500 mc 500-20 000 mc 20-40 kmc

Long & short Long & short VHF communi- Point-to-
range commu- range commj- cations point com-
nications nications munications

Long-range Long-range Radar (search Short-range
radar & guid- radar & track) radar, rOm-
ance guidance munications,

& guidance

Tower Whips Stubs Stubs Lens

Whips Tuned stubs 8icorical Helices Slotted helix

Loops Trailing wires Ptqjavs Flat biconical Horns

H-aIf-wave Ferrite loops Cap-loaded Cap-loaded Slotted guides
s;ubs stubs

Grounded ver- Scimitars Helices :lorns Printed arrays
-ical wire

Trailing wires Valentines Rods, plas- Traveling wave Parabolic
tic and dishes
ferrite

Single wire Yagi Turnstile Inflatable Geodesic
(TV) Luneberg lens

Rombic Spirals Spirals Slots

-Log periodic Scimitars Cones

Luneberg lens Inflatable Valentines Pnrabolic
dishes

Extendible Loaded slots Luneberg lens

Log-periodic Luneberg lens Corner Printed arrays
reflector

Discone Yagi Slotted wave-

Sleeve guides

Log periodic Spirals
Broadside Loops Turnstile Scimitars
a ,rays

Inflatable Valentines
Enafire Extendible Log periodic
arrays

Wave-guide Turnstile
horn.

Parabolic
dishes
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3) Gain (above isotropic radiator) and front-to-back ratio

4) Beamviidth (azimuth and elevation)

5) Side-lobe levels

6) Polarization

7) Antenna height

8) Aperture size and type

9) Aperture illumination in both amplitude and phase

10) Frequency bandwidth

il) Patterns at harmonic frequencies

12) Physical requirements

3-46. Control Techniques

a. General. The control of interference by antenna systems is pri-

marily an antenna design problem. The radiation pattern and frequency

response is a combined function of the antenna, antenna feed lines, and

the counterpoise. Each of these antenna-system components should be de-

signed to re-enforce one another in the generation of the desired radia-

tion pattern and frequency response. The design of simple antenna sys-

tems is discussed in the Department of the Army Technical Manual TM-Il-

666, Antennas and Radio Propagation, and is therefore not discussed in

this IGuidems.

b. Antenna Patterns. Antenna patterns, both receiving and transm't-

ting, may be employed to great advantage in reducing mutual interference.

Directional antennas, that have maximum gain in only the direction for

which they are designed,can be used to reject unwanted signals. Side

and Uaick lobes can be minimized, rejected, or cancelled completely, so

that the antenna provides high values of attenuation in all but the de-

sired direction. Antenna gain at harmonic or spurious frequencies can

be minimized so that only the desired frequencies are propagated. Multi-

array antenna systems may be utilized, instead of single antennas,for im-

proved pattern and frequency control.

(I) Directional antennas. A directional antenna will have maxi-

mum gain in the direction for which it is desigrid, while

omoidirectional antennas have uniform gain in a particular
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plane. An antenna should form a pattern oily in the direction

where reception or transmission is desired. Insofar as prac-

ticable, directivity of antennas should be utilized to in-

crease signal strength of desired signals and attenuate signal

strength ot interfering signals. In this way, systems will

operate more efficiently and reliably, interference problems

will be reduced to minimum, more power can be transmitted into

a smaller area, and weaker signals can be received.

(2) Side lobes. Side-lobe reduction can be obtained by improved

antenna design and the use of absorbing or reflecting materi-

als around the antenna itself. One method of improving anten-

na design is to change the feed pattern to minimize spill-over

at the edges of the reflector. The reflector, itself, can be

shaped to reduce some of the side lobes, and additional reflec-

tors on the antenna used to reduce specific lobes.

(3) Dual-antenna systems.

(a) Auxiliary-channel techniques. The auxiliary-channel tech-

nique utilizes a separate, omnidirectional receiving an-

tenna,and associated receiver In conjunction with the pri-

mary receiver, to reduce side or back-lobe interference.

In order to distinguish between main-lobe signals and

side or back-lobe signals, the auxiliary channel utilizes

an antenna system with a high side and back-lobe gain

chara:teristic and a low main-lobe gain characteristic as

compared to the primary antenna. When an interfering sig-

nai arrives from any azimuth direction other than the one

in which the main lobe is pointing, the auxiliary-channel

response will be stronger than the main channel contribu-

tion. Thus, the side or back-lobe interference can be

distinguished from true main-beam signals. Once the side

or back-lobe signals are identified, they can be eliminated

electronically.
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(b) Matched antennas. Side or oack-lobe interference can be

eliminated by the utilization of two matched antennas.

The principle of the matched antennas is that the side

and back-lobes in the azimuth pattern of the primary an-

tenna can be precisely matched by the lobes of an auxil-

iary antenna which has no corresponding main beum. If

the pattern of the iaiiliary antenna overlaps the pri-

mary-antenna pattern, the signals in the auxiliary chan-

nel can be directly subtracted trom those in the primary

channel without affecting the main beam. If the phase

centers of the primary and auxiliary antennas coincide,

ther the subtraction may be done in the rf circuits. If

the phase centers do not coincide then the subtraction

can be done at the video level to avoid phasing problems.

For complex signal densities involving mutiphase signals,

multiphase antennas may be employed.
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Section VIII. COMPUTERS

3-47. General

Computer circuits may be adversely affected when interference appears

in their power, control, or signal leads. Also, computer circuits them-

selves may act as interference sources. The permissible level of compu-

ter-circuit interference is a function of the desired signal levels and

the discrimination that the computer offers to interference. The suscep-

tibility of any computer 11l vary, depending on its design, construction,

installation, and proximity to ;nterference sources.

3-48. Dig;tal Computing Equipment

Compatibility is important in a complex system consisting of many elec-

tronic units. When a digital computer is placed in such a system, its op-

eration should not interfere with other equipment, and it should be insen-

sitive to the surrounding electromagnetic environment. To achieve this

compatibility, a solid-state digital computer should be thoroughly tested

to determine generated Interference and interference-susceptibility char-

acteristics. The predominant 'nterference generated by the computer can

be attributed to the repetitive operation of the circuits. The interfer-

ence spectrum is directly related to the organization of the machine, its

logic functions, timing, and basic circuitry. Included among the major in-

terference sources are:

I) Master clock timing and basic operations

2) Central processing system and programmed operations

3) Core storage elements

4) Drum system and associated processing circuits

5) Typewriter, card reader, and associated processing circuits

3-49. Analog Computing Equipment

Because analog computers operate with conventional wave-shapes, they are

susceptible to the effects of interference fields from either repetitive,
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pulsed, or random noise. Computers used for process control are generally

located near power equipment. In such situations, the design engineer

should expect such inter'erence as:

1) Transient fields from solenoids and similar components, with

high inrush current affecting counter circuits

2) Fields emanating from power transformers and filter reactors

3) Stray fields from magnetic amplifiers in power servos affecting

servo accuracy

3-50. Interference Sources

Interference sources, that can be minimized by proper system wiring, may

be divided into two groups: those that originate inside the data system

and those that are external to the system.

a. Inside the Data System. Internal interference sources that can be

minimized are dependent upon various forms of unintentional circuit cou-

pling. The most common form Is common-resistance coupling in the ground

scheme. Common-resistance coupling occurs when current in one circuit

causes a voltage to appear in the other circuit(s), when two or more cir-

cuits share any resistance, or when they connect at a common point. The

circuits, in any system,exist as closed loops that have mutual inductance.

This Inductance vecies directly with the area enclosed withir the loops.

When a current change occurs in one of these circuits, It causes voltage,

due to the mutual Inductance, to appear in the other circuit(s). The sig-

nificant parameters are the area enclosed by the circuit, its impedance,

and the relative power levels. Every portion of a system has capacitance

between itself and every other portion, Changing voltages, regardless of

location, tend to drive current through these capacitances and produce in-

terferesice.

b. External to the System. The external environment of a system can

cause malfurction. The effects of electrostatic and electromagnetic

fields can be controlled by the same methods used to minimize the effects
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of Internally-produced interference. In addition, system wiring can often

be protected from external fields by proper enclosures and packaging.

3-51. System Nodes

a. General.

The data system is designed to transfer the potential between one

pair of nodes to another pair of nodes without introducing error. Power

must be transmitted between the pairs of points to maintain the signal

above inherent noise; the current flow must cause a potential drop along

the connection. The pairs of nodes, in a system between which voltages

are measured,are not all independent. Most such node pairs have one ref-

erence node (ground) in common. In a complex system, the reference node

is needed at many widely-separated locations. Its configuration is a ma-

jor problem, aggravated by the widely-varying power levels of the circuits

that connect to it. To avoid mutual impedance coupling in the leads going

to the reFerence node, the node should be a single point. All ground con-

nections in the system should be made at this point. As a practical con-

sideration, some resistance can be tolerated in the reference node, de-

pending on the maximum interference current, and the al lcowble input inter-

ference voltage of the most sensitive circuit. A finite volume can be

used for the node. For practical minimum resistance, the material should

be solid copper. All system voltages are understood to be with respect

to the reference node. Because it is constructed to allow no significant

voltage drops, the node structure provides a true equipotential reference.

Although a number of connections may be made to this reference node, the

requirements of negligible mutual resistance necessitate that the node

structure be as compmct as physically possible. These requirements gen-

erally produce a node structure in the form of a closely-packed rectangle.

!n an extremely large system, the node structure may take the form of the

five sides of a cube. In any case, the reference-node structure n.-,st be

large enough to permit all ground connections In the system to be made on

the block.
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b. Construction.

(I) Each system node presents the same problem is the reference

node in greater or lesser degree, depending on the number of

branches. Mutual-impedance coupling can occur in any node

if it is not a true ground point; however, no system node has

nearly as many branches as the reference node. The system

nodes are usually of similar construction to the reference

node, but much smaller. The wires,connecting the modules to

various nodes, should be grouped into cab.as, each containing

a complete circuit. When the conductors in each cable are

twisted, the area enclosed by the circuit will be reduced.

Such a cable will not be subject to interference from exter-

nal magnetic fields; conversely, such a cable will not gen-

erate substantial external magnetic fields. Thus, minimal

electromagnetic pickup and minimal noise-producing fields

will result. Figure 3-159 illustrates the application of

this method. The reference node is indicated by N. Adia-

cent to it are the various system nodes (A, B, C). The am-

plifier is shown with resistors Rin and Rfb. The amplifier

input ground (point 6), and the signal ground (point 2),are

connected directly to the reference node. If the inputs

were wired point to point (point I to point 3, then point 4

to point 5) instead of as shown, the area enclosed by the

circuit (1, 2, 5, 6) would be much greater than if the system

nodes are used as indicated. Any attempt at point-to-point

wiring between portions of the system will result in large

area loops being included in many circuits. Because the sus-

ceptibility of a circuit Is directly proportional to the area

enclosed in the circuit, point-to-point wiring should not be

used in conjunction with a reference-node structure.
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Figure 3-159. System Nodes and Reference Node -
Operational Amplifier

(2) All system nodes should be located very close to the reference

node. In general, this means that none of the system nodes

should be at the normal terminals of the component portions of

the system. The terminals of these various component portions

should be connected to the system nodes and reference node

through lengths of wire. Because the only nodes are at the

system reference-node structure, the wires are considered as

part of the internal component construction. The terminals of

Rin (points 3 and 4 on figure 3-159) are of no significance in

the system. They must be wired to system nodes.A and B, and

the resistance of the wire considered part of R in. Similarly,

the terminals of Rfb are wired to nodes B and C, and the resis-

tance of the wire becomes part of Rtfb* The wires are then

twisted together, as indicated, to form cables containing each

complete closed circuit. Feedback is taken directly from the

3-321



system node structure. The wire resistance is included inside

the feedback loop, and the Pmplifier output impedance is not

substantially increased by the use of long wires leading to the

node structure. The amplifier output exists at the node struc-

ture, and the voltage at the actual amplifier terminals is of

no more significance than any other !nternal amplifier voltage.

(3) Potentiometric connection of the same amplifier is shown on fig-

ure 3-160. Voltages at the actuai amplifier terminals (points 5

through 8) are not meaningful. The potent:ometric amplifier in-

put nodes Pre A and B, and the amplifier output nodes are node C

and the reference node. If wiring is done as shown on figures

3-159 and 3-160) it is of the utmost importance that the ampli-

fier input low side (point 6) and the amplifier output lov side

(point 8) not be connected internally at the amplifier. If u.cn

an internal connection should exist, connecting both these

points to the reference node would create a ground loop. Such a

loop would be a complete circuit and may enclose a substantial

area. This loop would be subject to pickt.p from any changing

current In the system,or any magnetic field existing in the re-

gion where the system is located. Unfortunately, points 6 and 8

are often connected Internally. When this is dont, only one

point shouId be connected to the refurence node. Single wires,

from the amplifier-input high side and the amplifier output,

should be run together with the single ground wire as one cable.

All area loops, whether due to multiple connections to the ref-

ence node or to any other node, o.nould be avoided.

(4) The twisted cables,connecting the various parts of the system to

the node structure,are seen on figures 3-159 and 3-160. The

building of the node structure eliminates all common-resistance

coupling between circuits of the system; and the use of twisted

cables reduces the susceptibility of these circuits to electro-

magnetic pickup.
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Figure 3-160. System Nodes and Reference Node -

Potentiometric Amplifier

c. Cable Considerations.

(I) The grouping of system cables around the reference node pro-

vides an easy point of connection for any required shielding.

Should it be desirable to shield any cable that has at least

one wire tied to the reference node, the shield can be con-

nected to the reference node. Any cable, that does not have a

wire to the reFerence nooe)should have its shield connected

to one of the system nodes at which it terminates -- ordinari-

ly, a node that has the least impedance to the reference node.

All shields should be connected to a node that Is at the same

pocentlal as the circuit that they are designed to protect.

The foilowing rules apply:

1) Establish a reference node structure

2) Establish a complex of system nodes aroundor upon, the

reference system node structure
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3) Make system Interconnections only at the reference-sys-

tem node structure (do not use point-to-point wiring and

do not ground the other end of a wire that ties to the

reference node)

4) Connect a conductor to any node only once

5) Group all connecting wires irto twisted cables, each of

which contains a complete unit

6) Enclose, in shields, any cables that carry power or rapid-

ly changing voltages of any type, or that are susceptible

to electrostatic pickups

Allowable exceptions to these rules are:

I) Circuitsnot susceptible to noise,may be wired without

connection to the reference-node structure; however, the

rules regarding twisting of complete circuits and shields

should be followed; otherwise, these circuits will estab-

lish changing fields in other circuits

2) In many types of high-speed circuits, the capattance, in-

volved in the long twisted cables called for by this sys-

tenm Is not tolerable. In these circuits, interference

rejection may not be supplied by twisting th3 leads

(2) For greatest protection against outside interference, the sup-

porting structure of the system must ordinarily be connected to

the system reference node. In addition, the chassis of the va-

rious modules are often tied to system ground. Unless all

modules in the system are properly isolated from the supporting

structure, ground loops may result. In =ome cases, capaciLive

coupling to the supporting structure may cause ground loops

through which high-frequency currents can circulate. These cur-

rents may necessitate surrounding various system components with

shields. The res,'It of following the rules is a comdputer that
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appears to have a large iumber of excessively long interconnec-

tions. The long cables, however-, are merely extensions of the

various component parts of the system. No system nodes exist

at the terninals of the actual components. Interconnections

are made only between the system nodes, which are closely

grouped at the system central yround location. The intercon-

nectionsin this system are actually only those very short

lengths of wire between the system nodes.

d. Components.

The wiring recommendations made here place severe limitations on the

computer components that may be used. Among the most important of these

components are power supplies and amplifiers.

(I) Power supplies. Power supplies, for use in susceptible portions

of a computer that employs a wiring system based on recommenda-

tions made here,must be suitable for use with the reference-node

structure. The regulated power supplies must be remote refer-

encing. To hold the system-node voltage constant with respect

to the reference node, the feedback must be from the system node.

Unregulated power supplies should have their final filter capaci-

tor connected directly across the system nodes to avoid an in-

crease in output Impedance from the external wires. Multiple-

voltage power supplies should not have a common internal ground

connection. To prevent the unintentional creation of ground

loops, power supplies should be Isolated from the power line by

carefully-shielded power transformers.

(2) Amplifiers. Feedback omplifiers, for use in a system using the

wiring methods outlined,must be capable of remote feedback con-

nections, as indicated on figur s 3-159 and 3-160. If the feed-

back is taken from the module terminals, the resistance of the

wires connecting the amplifier tc the system nodes becomes part

of the amplifier output impedance. A further problem, In
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connecting the amplifiers in the bystem,is the difficulty of

determining the proper number of wires to use. If the ampli-

fier is a true four-terminal device with an external, isolat-

ed power supply, three cables will connect to it: input,

output, and power. If the amplifier is really a three-ter-

minal device, this type of connection cannot be used. Furth-

er complications may be introduced when the power-supply

ground is common to either the input or output low side of

the amplifier, or both. Figure 3-161 shows proper connections

to amplifiers of these various internal configurations.

AMPLIFIER A
AMPLIFIER B

POWER

SUPPLY

(9> ) 
.)

NOD. .

IN 121-e5

Figure 3-161. Power Supply Conncctions for Thrcc-Terminal and
Four-Terminal Amplifiers
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Section IX. MICROMINIATURIZATION

3-52. Introduction

The objectives of electronic microminiaturization for equipment are in-

creased reliability, and reduction of size, weight, and cost. Size, weight,

and cost reductions are achieved by new fabrication techniques, such as

electrolytic deposition or evaporation of thin films. Increased reli-

ability is the result of fewer ,older connections, replacement of solder

connections by chemically-bonded material interfaces, improved conLrol

of rmaterials and processes used in fabricating circuit elements, and

increased redundancy at component or circuit levels. Miniaturized equip-

ment is less susceptible to external interference than conventional equip-

ment because of the smaller areas and volumes available for interference

coupling, and the ease with which smaller volumes can be shielded. Also,

because of the low-level operation of miniaturized equipment, the gen-

eration of radiated and conducted interference is minimized. There are

two interference problems in microminiaturized packaging: interference

between microcircuits, and Interference that originates external to

microcircuits. Microminlaturized equipment operates at low-power levels, so

that the radiated earergy is negligible and does not cause interference.

Problems exist when only a part of a system Is miniaturized. In such

a case, the electronic design engineer, responsible for interference

reduction, should decide if the remaining nonminiaturized portion will

affect the operation of the miniaturized unit. The engineer should be-

come familiar with the different types of resistors and capacitors avail-

able for miniaturized circuit design.

3-53. Basic Miniaturized Components

a. There are three typical resistors used in microminlaturized circuit

design; two of them are shown on figure 3-162. The first type is simply a
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bar of semiconductor with ohmic contacts at both ends (fig. 3-162A).

This bulk type is limited to low values of resistance. One reason

for this low resistance is that the bar can not be too thin or narrow,

or Its lack of physical strength will make it difficult to handle.

The second resistor type, the diffused-layer silicon resistor, is

shown in different versions on figure 3-162B and 3-162C. A thin

layer of p-type material is formed in an n-type bar. When reverse

biased, the p-n junction isolates the diffused layer from the rest

of the bar. Because the diffused region can be very narrow and

thin, the resistance of this configuration is greater than that of

the bulk resistor. The third resistor type is the thin-film de-

posited resistor which is a resistive material deposited on an

insulating substrate. The resistive material can be chosen "rom

a wide range of materials, varying from common nichrome to e.otic,

specially-fabrizated alloys. Large values of resistance or. ,oss-

ible, using the thin-film technique,because the deposited layer can

be made small In cross-sectional area.

b. There are two basic types of capacitors for use in minia-

turized circuitry: the th!n-film type and the p-n junction type.

The thin-film capacitor is composed of two conducting layers with

a film of dielectric between them. Common configurations are

successive layers of silicon, silicon oxide, and a deposited metal,

or successive layers of deposited metal, an insulator, and then

another layer of deposited metal. The p-n Junction normflly op-

erates as a diode; but, If the Junction is reverse-biased, it func-

tions as a capacitive element.

c. The resistive and capacitive circuit elements can be com-

bined to form distributed RC networks, as shown on f'aure 3-163.

The diffused layer shown has high conductivity; the p-n junction

supplies the capacitance, and the bulk material functions as the

resistance. Various electronic functions can be obtained from

the same circuit by different contact arrangements. For example,

it is possible to have one contpct on the bottom instead of two

or three contacts.
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1N1212-14

Figure 3-162. Semiconductor Resistors for Microminiaturizeo
Circuit Design
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IN121215

Figure 3-163. Distributed RC Network with Equivalent Circuit

d. There is no satisfactory way to produce miniature inductors.

A circuit to be miniaturized should be completely redesigned with

a view toward el!minating all of the Inductances. Although this

is not always possible, a significant reduction In the number of

inductors used In typical circuits can be effected.
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3-54. Miniaturized Circuit Formulation

There are three basic approaches used to form miniature circuits:

discrete components, multilayer thin-film, and semiconductor solid-

state.

a. Discrete-Component Circuit. In this approach, each component

is produced separately and miniaturized individually. in the

micromodule system, each component is placed on an individual ce-

ramic wafer, and then several wafers are stacked to form a module.

The standard micromodule dimensions are 0.31 x 0.31 inch, with the

wafer thickness allowed to vary depending upon the component. On

each wafer, connections are brought out to notches on the sides of

the wafer. Riser wires are placed in the notches to interconnect

the components and form the desired circuit. After the connections

are soldered, the entire unit is entcapsulated in epoxy for pro-

tection. The finished module may ba plugged into a ,rinted-board

circuit in the same manner as a transistor. The height of a module

depends upon the number anI type of components used. Another dis-

crete component design Involves placing a complete circuit inside

a transistor can. Because of the resulting small volume, it Is

unlikely that an Interference signal could be Induced in one of

the internal circuit-loops. The largest loop in this type may

have an average area of only 0.002 square inch, which precludes

interference coupling. These circuits,however, are Interconnected

by printed circuit-boards, or similar devices, and therefore

produce larger loops and have Increased interference susceptibili-

ty.

b. Multilayer Thin-film Circuit. Components, such as resistors

and capacitors, can be readily fabricated by thin-film techniques,

both accurately and reliably. Inductors, transistors, and diodes

have not as yet been successfully produced by this method. Numer-

ous thin-film resistors and capacitors can be deposited on top

of one another to form complex-circuit multilayer structures. In-

sulating layers,deposited between the components,provide isolation.
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Figure 3-164 represents 16 layers, formed coincident with each other,

to produce a typical digital circuit. All the necessary inter-

connections are also supplied by the depositions. The complete

structure is only a few mils thick. Multilayer structures can

be made small enough to be ef'ectively used as a single component

ii discrete component circuits. Iri these multilayer structures,

magnetic coupling is not much of a problem, but the capacitive

coupling effect can be pronounced. Coupling within a single struc-

ture is significant and,therefore, should be taken into consider-

ation in the initial design of the structure. Coupling between

adjacent structures can be substantial; therefore, care must be

used in the physical arrangement of the system.

c. Semiconductor Solid-State Circuit.

(1) A semiconductor solid-state circuit requires that all

circuit components be located in,or on, one block of

silicon. The desired componenLs are formed and inter-

connected by a series of diffusions and deposits. This

type of construction has the advantages of smallness

and reliability. The increase in reliability is due, in

part,to fewer and simpler interconnections. These solid

state circuits have two serious drawbacks: the circuit

elements have loose tolerances because of fabrication

limitations, and the production line yield is low (with

a corresponding high cost).

(2) A typical NOR semiconductor solid-state circuit is shown

on figure 3-165. The schematic circuit is shown in fig-

ure 3-165A; the B circuit is similar to A, but is shown

in three dimensions to simplify the explanation of C.

The individual resistor, RA, and capacitor, C, in schematic

Ahave been changed to a distributed network in B. The

actual semiconductor solid-state circuit is represented

by figure 3-165C. In C, large bars are composed of solid

silicon and used as boilk resistors. The four round dots
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Figure 3-164. Slxtee, Evaporated Layers Forming a Typical
Digita Circuit
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to the left are the input diodes, which are formed on the

bar by diffusion. A fine gold wire connects each diode,

to the appropriate input lead. To the right of the diodes

is the distributed RC network. The large, rectangular,

raised area is a silicon-oxide layer with a metal elec-

trode on its surface so that the result approximates the

distributed network shown in B. To the right of the dis-

tributed network is a small rectangular ohmic contact,

which is a small area of conductc, ailoyed to the silicon

bar to provide , lead bond at that point. A gold wire

runs from this contact to t?• base of the transistor, as

shown in B. The resistGr, R., is the bulk resistance be-

tween the ohmic contact and the tab at the bottom labeled

(-V). The transistor :s formed and located on the shorter

bar. Thc. remaining component, RCS is the bulk resistance

between the collector of the transistor and the tab la-

beled (+V).

(3) Another example of a semiconductor solid-state circuit

is illustrated on figure 3-166. The schematic circuit di-

agram is A; C is the same circ'iit rediawn with the indi-

vidual res!stor and capicitor replaced by a distributed

network. The model at B shows only the bulk resistors;

the completed circuit is Illustrated at D, which shows

two transistors, gold wires, and the deposited layers that

form the distributed RC network. This circuit is enclosed

in a package, 0.250 x 0.125 inch in outside dimensions.

Fcr interference susceptibility, the most critical loop

contains the emitter and base of a transistor. In this

circuit, the area of the loop is estimated to be 0.0003

square inch; therefore, the possibility of interference

is remote. Larger, more critical loops ara formed when

such circuits are interconnected. This is not serious

considering that, because of the over-all size reduction,
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Figure 3-166. Typical Semiconductor Solid-State Flip-Flop

the loop In a solid-state circuit will only be about I per-

cent of the area of a similar loop in conventional equip-

ment. Miniaturized componentss in mechanical proximity to

each other and subject to magnetic coupling~con be wrapped

with strips of Netic or Co-Netic foil, or its equivalent,

prior to final assembly. Such wrapp~ng eliminates special

tooling of small enclosures to accommodate each of the

affected items. In many applications where miniature com-

ponents are used, a wide variety of enclosures can be fab-

ricated to protect the components.
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3-55. Miniaturized Circuitry

Miniaturized circuitry has been widely used in if amplifiers.

The if strip module, shown in figure 3-167, has several fabrication

characteristics typical of miniaturiz.d circuits. These include:

1) Resistance-welded joints between component leads and

longitudinal interconnecting nickel ribbons

2) Polyurethane foam potting-compound to support both

joints and components

3) Nickel-sheet shield-can, 0.005-inch thick, to provide a

tolerance-free potting mold and interference shielding

for the circuitry

4) Coaxial-type sockets flush with the module shield-can,

or nickel-ribbon leads, or pins, extending from the module

shield-can for interconnection

5) Shield-can cover. soldered on with nickel peel-strip for

ease In removing cover

6) Tuning holes provided in the shlel:-can. Althou9g not

really a part of the module design, a soldered tab sys-
tem Is essential for mounting. This system eliminates

hardwara and simplifies Installation or removal

a.. Figure 3-168A shows the schematic of a 24-mc If strip with

four stages, 80-db gain, and approximately 2-mc bandwidth. The

actual construction used is shown on figure 3-1680. Interference

can be reduced if all the leads are shortened to minimize their

acting as radiating sources and receivers. The stages are trans-

former-coupled, therefore,provision for tuning after final assembly

must be provided. This type of circuitry is also susceptible to

short-term, electromagnetic pulse radiation. The nickel shield-

can is the answer to both the interference and magnetic problems.

The stages are separated by nickel shields to provide some feed-

back reduction.
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b. The module contains 60 standard components. They are ar-

ranged in four levels to simplify assembly. The four levels of a

single stage are placed on individual welding jigs. The components

for three stages are placed in the jigs before further steps are taken.

The figure shows nickel-ribbon interconnecting wire for the circuit.

These ribbons run the length of the module as common or bus connec-

tions, or can b- at at appropriate points to perform separate cir-

cuit functions. The four levels are assembled and welded, and inter-

mediate ribbons are cut and inspected separately. The four levels

are assembled first into two groups. Interlevel welds are made,

and the two major groups assembled and interwelded.

c. In some design techniques, shield planes are designed within

the wirirg module (fig. 3-169). Shield planes are also used to dis-

tribute dc potentials to the individual subassembly modules Ly means

of the through-wiring technique. The -4 volt dc and -10 volt dc

planes act as shield planes since they are effectively connected to

ac ground by the 3.3-0f tantalum capacitors. These connections are

satisfactory,provided that the inductance of the lead lengths of

the capacitor, the Inductance of the capacitor, and the capacitance,
are of such value at the frequencies of interest, to provide a low-

impedance ac connection to ground.

3-56. Ceramic-Filter Application

a. Ceramic filters enable the electronic design engineer Lo de-
part from conventional design-limiting considerations. The increased

demand for small electronic components has made the miniature ceramic

ladder-filter very desirable. No magnetic shielding is required with

these filters.

b. Receiver design is simplified when ceramic filters are used.

Many space-consuming if stages can be eliminated and improved selec-
tivity stil! be obtained. In single-sideband communications, ceramic

ladder-filters are very effective in rejecting the carrier frequency

and the undesired sideband. Ceramic bandpass filters often elimi-

nate an extra stage of conversion.
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Figure 3-169. Shield Planes for Distribution of DC Potentials
to Individual Subassembly Hodules

c. Ceramic filters are Ideally suited to transistor applications

where fi I ter impedance must be in the order of 1O00) to 2000 ohms.

Since the effective Q of piezoelectric materials is higher than that

obtained from electrical components, it is possible to transmit energy

through ceramic filters, over a band of frequencics, with a lower in-

sertion loss. Using materials having Q(s ranging from 50 to 2,000,

bandwidths are obtainable that range from I to 10 per-cent of centel-

frequency. The power insertion loss of these designs, which is de-

pendent on both Q and bandwidth, ranges from 0.5 to 15 db. In-

sertion loss of ceramic filters is lower, and their skirt selec-

tivity is better, than that of electrical filters. Ceramic disc-
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type ladder filter designs suppress spurious responses 60 to 100 dcb

below the passband level. They may be employed, for mosL band-pass

filtering requirements, in the frequency range from 100 to 1000 kc,

and are especially applicable for use in carrier systems and single-

sideband equipment, as well as communications receivers with high-

performance requirements. Ceramic filters are well suited to tran-

sistor circuit applications because of physical size and low impedance.

d. In radio receiver applications, a piezoelectric filter fulfills

the need for selectivity in a fashion superior to that usually pro-

vided by a multiplicity of if transformers. Not only does the ceramic

filter provide a flat passband characteristic and steep skirts on

the selectivity curve, but, in addition, its availability as a lumped

selective network :,lows the design engineer considerably more freedom

in providing an optimum receiver design. The stability of ceramic

filters makes them highly desirable for use in communications re-

ceivers. Because of aging, receivers using electrical filters ex-

perience filter-characteristic changes after one year's service.

Such aging requires that the receiver be realigned and a new fre-

quency crystal placed in the circuit. Ceramic filters can operate

for ten years before any such realignment is necessary. In the 400

to 500 kc frequency range, dev.iipment has now reached the stage where

temperature and aging properties uf the ceramic materials are the

limiting factors in their use. Work on the temperature stability of

materials has progressed to the point where temperature extremes of

150"C can be tolerated. For higher operating temperatures (200- to

250"C), further work will be necessary to improve the stability of

ceramics.

e. Manufacturing processes u4..d in ceramic filter fabrication
c

result in low-cost production; they are less expensive to produce
e

than electrical filte-s. With large scale production and continuing

improvements in techniques, the cost of ceramic-tuned circuits

should decrease appreciably.
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Section X. ELECTRICAL MACHINERY

3-57. General

Interference reduction desig;i for electrical machinery is divided into

four categories: interference reduction for large motors and generators,

for alternators and synchronous motors, for fractional-horsepower machines,

and for special-purpose rotating machines. The electronic design engin-

eer should regard any rotating machine with sliding contacts as a poten-

tial source of interference because the switching and arcing processes of

commutation cause rapid current and voltage changes that c"'-tribute inter-

ference energy throughout a wide frequency range.

3-58. Brushes

Brushes and brush leads are the most likely components from which In-

terference can be radiated or transferred. If a motor or generator is

not completely enclosed in such a way as to be adequately shielded, then

the brushes and brush leads may require shielding. The electronic design

engineer should insist that provision be made in the original design of

motors or generators for installation of capacitors at the brvshes. Brush-

generated Interference may be reduced by Incorporating the following in

the design:

a. Brush Pressure. Generated Interference decreases at all frequen,

cies with Increasing brush pressure. Increased brush pressure, however,

Increases the rate of wear. The necessity, nevertheless, of more fre-

quent brush replacement is a reasonable compromise for the sake of de-

creased Interference.

b. Current Density. Generated Interference decreases with decreased

current density. As the current density is Increased, more heat is gen-

erated at the brush surfacesliding on the commutator or slip ring. This

heat causes zhe formation of a thick oxide film on the sliding metal sur-

face. Rap;d variations in the sliding contact resistance, resulting from
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irregularities in this oxide film, cause high-frequency transients that

produce interference. To offset the heat increase, a somewhat larger

brush-surface area than necessary should be designed. Such a design
change will reduce heat and losses due to mechanical friction. On the

other hand, if too low a current dens;ty is used, nonuniform grooves de-

velop on the metal surface of theslip ring or commutator, and frequent-

ly the increased friction, due to the wider brush-surface area, sets the

brushes into a noisy chatter.

c. Brush Re~sistivity. Brush materials of low resistivity are poor
interference generators and are therefore desirable for use in Interfer-

ence reduction designs. A good example of such a brush is an e!ectro-

graphitic carbon brush with 0.0015 to 0.0025 ohm specific resistance in

machines being used at less than 50 volts. Low-resistance brushes arc

available with silver, copper, or cadmium impregnated graphite. When

used with a commutator, the resistance of the brush should match the re-

quirements for good commutation. The design engineer should select ma-

terial of the lowest resistivity that satisfies the other requirements

of good functional performance. When used with slip rings, a wide choice

of brush material is availab;e because no switching action is Involved.

3-59. DC Motors and Generatorb

a. Of all rotating machinery, dc motors and generators are the most

ser!ous offenders In generating Interference because they require commu-

tators for their operation. Commutation Is essentially a switching ac-

tion that is accompanied by Interference-producing transients and brush
Interference. When a switch is closed In an electrical circuit, the in-

put Impedance changes from practically infinity to zero. If the circuit

contains Inductance and/or capacitance, its voltages and currents cannot

return to normal Instantaneously because the energy, stored in the magnet-

ic field of the inductance (or in the electric field of the capacitance),

cannot change Instantaneously. Initially, the changing voltages and cur-
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rents develop steep wave-fronts, rich in harmonics, which decay as a fur';-

tion of time. The bars of a commutator, sliding rapidly past the contac-

ting brushes, produce a switching action. This act~on causes extreme var-

iations In impedance, which, in turn, establish the series of voltage

transients, or pulses, that cause interference. Measures can be taken,

in designing a generator, to minimize the amount of interfereace generz'ted

by commutator action. Reduction of commutation traniients requires the

use of design techniques to provide a smooth transition from one value of

impedance to another within each armature cotl. Interference~produced

as a result of nommutation is reduced by five design techniques: inter-

poles, compensating windings, Increased number of armature coils and

commutator bars, laminated brushes, and commutator plating.

b. The be!.t way to improve cc'.'nutation is by adding interpole wind-

ings. Interpoles counterbalance the self-induction of the armature

coils during the commutation period, and also reduce the Induced voltage

in the armature coils result;ng from the coil-cutting fringing-flux dur-

ing the commutation period. The use of p operly designed interpoles

produces 3 rapid change in the armature-coil current at the beginning of

the commutating period, reducing the steepness of the transient at the

end of the commutating period.

c. Compensating windings produce, to a lesser degree, the same effect

as interpoles and, in additicn, help to prevent field distortion. They

also assist in reducing cross flux produced by the armature coils. The

use of Interpoles and compensating windings lessens critical brush posi-

tioning requirements with respect to the commutator, and provides electro-

motive forces in the coils under commutation which oppose the electromo-

tive forces of self and mutual Induction in these coils. Inc.reasing the

number of coils on the armature (thereby Increasing the number of commu-

tator segments, or bars) reduces Interference by reducing the current

broken per bar and the reactance voltage per coil. The largest number of

armature slots, in which the coils are uniformly distributed with respect
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to the commutator barsshould be used, and the armature slots should be

as shallow as possible. The use of short-pitch windings reduces inter-

ference by reducing the reactance voltage of each coil. The break tran-

sients, resulting from the switching action of the commutator, can be

smoothed out through the use of laminated brushes. These consist of

brush materials of different resistivity, cemented together by noncon-

ducting glue which provides insulation between adjacent brush segments.

The ideal operation of laminated brushes is indicated on figure 3-170.

I

TRAILING SEGMENT, LEADING SEGMENT,
HIGH-RESISTIVITY LOW-RESISTIVITY

MATERI AL MATERI AL

COMMUTATOR E9AR COMMtUTATOR BAR

ARMATURE CO!L 7 ARMATURE COIL

1/22
ý o DIRECTION OF ROTATION

1N1212-660

Figure 3-170. Commutation of an Armature Coil by Laminated Brushes
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Having the successive segments of the brush increase in resistance, avoids

the sharp current drop after the brush leaves the commutator segment. A

more linear coil-current reversal results, thus red-icing the break tran-

sients. The segments of the laminated brush are Insulated from one anoth-

er by some suitable bonding material, and electrically connected by the

brush lead or brush spring. Circulating currents, resulting from the self-

Inductance of the coil under commutation and from the coil-cutting fringe

flux from the pole pieces, must flow through the entire length of two

brush laminations. The total res'stance of this length is much greater

than that presented by a direct path across the face of the brush (as

would occur with a solid brush). Circulating currents are, therefore, re-

duced early in the commutation period, and desirable division of current

through the two adjacent commutator bars is achieved.

d. Good commutation can be achieved over a fairly wide range of brush

positions, relative to the magnetic neutral, so that brush positioning

becomes less critical and less dependent upon armature current. The de-

sign of laminated brushes should include two or, at most, three lamina-

tions. The following criteria should be incorporated in the des'gn:

1) '1. thickness of the leading-edge lamination of a two-lamination

brush should be about 90 per-cent of the total thickness, and

its resistiv!ty should be as high as allowable for heat dissipa-

tion

2) The resistivity of the trailing-edge lamination should be about

15 times that of the leading edge; this lamination should be

thick enough to preclude mechanical weakness

3) A thermos4tt!nq cement of six-mil thickness should be sufficient

to provide electrical Insulation between the sections. A ce-

ment, that will preclude the formation of a smear of conducting

particles from brush wear on the rtbbing edge, should be used;

it should have a wear-rate equal to that of the brush
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4) A brush,with varying resistance characteristics from the leading

edge to the trailing edgecan be manufactured without the use

"-f insulating separators and will act somewhat like a laminated

brush

e. A copper commutator in contact with a carbon or graphite brush, de-

velops, after several hours, a layer of copper oxide, rixed with carbon

particles, from brush wear. This copr-r-oxide film ;ntroduces unidirec-

tional electrical properties (polarity effects), as in a zopper-oxide rec-

tifier. The oxide layer has a nonlinear resistance of higher value at

the brush used as cathode, than at the one used as anode. The cathode

brush, as a result, passes current in discontinuous, high current-density

surges, which cause interference. Approximately ten times as much inter-

ference may result from the cathode brush as from the anode brush. Pla-

ting the copper commutator with chromium to a thickness of about one mil

will reduce the interference level from a cathode brush to that of a

relatively quiet anode. No adverse effects will result from the plating;

in fact, the hard chrom;um surface prevents threading and grooving of

the commutator. Wear-rate and sliding friction of many brush materials

on chromium are cO the same order of magnitude as those for copper.

f. Design features that improve commutation also reduce interference

generation. The design engineer, faced with using an interference-produ-

cing motor or generator, can incorporate se-al interfererice-reducing

techniques. The most effective and economical technique is the installa-

tion of capacitors at the brushes. In generators, for example, install-

ing capacitors at the brushes applies the remedy as close to the interfer-

ence source as possible. The Interference, generated by the commutator and

the brushes, will be bypassed to the generated housing. The lead from the

brush to the capacitor should be as short as possible, and the capacitor

should be bonded to the generator housing to provide a low-impedance

path to ground for the interference currents. A good value for such

a capacitor is 0.1 jfd with a double voltage rating, depending on

the individual machine. Because of the combined interference-generat-

ing c-tracteristics of the commutator and the brushes in a dc generator, an
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additional capacitor is Installed at the output (armature) terminal.

The preferred Installation is a feed-through capacitor through the

generator housing. The alternate installation is a 0.1 If bypass ca-

pacitor, mounted externally, to maintain electrical contact with the

generator housing and minimize the lead length between the terminal and

the capacitor. Figure 3-171 Illustrates the mounting of a bypass capa-

citor at the armature terminal. The installation of capacitors reduces

the interference appearing externally on th. armature, field terminals,

and wir!ng.

SOLDER TO TOOTH-TYPE LOCKWASHERSPREVENT

SEPARATION

S•CLAMP
SOLDER SHIELD TO CLAMP

10.1 F,I00 VDC CAPACITOR

GENERATOR
WSHIELDED CABLE

FIELD

IN 1212-67

Figure 3-171. Mounting of Bypass Capacitor at Armature Terminal in a DC
Generator

.5 Over-all shielding is necessary to prevent the radiation of inter-

ference from within the generator. This shielding is afforded by the gen-

erator housing, which should bt, designed to provide maximum shielding
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effectiveness. Ventilation openings should be screened to prevent radia-

tion of Interference into space. No matter how perfectly a generator

shield is designed, the shaft provides an exit path for interferince be-

cause it must penetrate shielding. The Interference should be bypassed

directly to the generator housing by grounding the shaft through a brush,

riding on i special grounding slip ring (or riding directly on the shaft).

This grounding will also eliminate bearing interference (bearing static

or shaft current), Bearing Interference results from a periodic dis-

charge of static electricity that takes place,through the bearing, between

the shaft and the housing. Eddy currents, induced in the shaft and the

housing by the flux lines in the motor, can cause currents to flow through

the bearing. These currents can also be caused by certain combinations

of armature segments per pole, air gap and permeability inequalities, ro-

tor eccentricities, insulation leakage, or stray electric fields. Another

possible source of leakage from the shield is the inspection-band. This

band is disadvantageously placed because of its proximity to the inter-

ference-generating brushes and commutator; however, its funct!on,of per-

mitting inspection of the brushes and commutator, prevents its being

moved to another location. To prevent leakage, the inspection-band should

be machined as closely as possible, and should be wide enough to cover

the inspection opening adequately,with sufficient overlap to ensure qod

contact. The band should have bolts,spaced every two inches, to permit

secure tightening. Interference gasketing should be Installed around

the periphery of the opening. After removal of an inspection-band, all

contact surfaces on the band and the generator should be thoroughly

cleaned before the band is put back into position.

h. The last shielding consideration for a generator housing is to

ensure good contacts and low-impedance paths between the three sections

of the generator; the two end-plates, and the main housing. This is

accomplished by the bonding and shielding practices discussed in Sections I11

and IV of Chapter 2. The design considerations, for minimizing Interfer-

ence generated by brushes and commutation action in dc generators, also
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apply to dc motors. Capacitors, installed at the brushes, bypass the gen-
erated Interference to ground close to the source, providing an effective

and economical means of suppression (fig. 3-172).

I. On some dc motors, an adjustable speed control is included in
which the field leads are connected to an externally-mounted rheostat.
This arrangement necessitates breaking the shield continuity and there-
fore enables interference, generated inside the motor, to be conducted
out of the housing. Capacitors, installed inside the motor housing con-
nected to these leads, however, will bypass such interference to ground.
Figure 3-173 shows a motor with four installed capacitors: one each for
the two brushes and one each for the two field leads. The feed-through
capacitor should be mounted at the positive lead (A, fig. 3-174). A
less acceptable interference reduction technique for the same motor uti-

lizes bypass capacitors at the brushes (B, fig. 3-174).

3-60. Alternators and Synchronous Motors

a. Alternators and synchronous motors are very similar to dc genera-
tors and motors, except that they supply or use a; and therefore have
slip rings Instead of commutators. Commutator Interference is absent in
these machines. There is, however, Interference from the brushes and
from the generation of harmonics. Brush interference is lessened because
most alternators and synchronous motors have stationary armature and
rotating fields; heavy power currents need not be supplied to the rotor.
Only the much sawaller field currents have to be supplied through the
brushes. Because commutation need not be considered in the selection
of brushes, the design engineer is permitted a much wider choice in

brush pressure, size, and material.

b. In ac generators, careful attention by the design engineer will
minimize the generation of harmonics and the resonant conditions that

create Interference. Production of as pure a sine wave as possible (an
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MOTOR HOUSING

CAPACITOR, 0.1 P.F, •

S• TOOTH .TYPE

/IFLATE METAL SPACER

SCAPACITOR MOUNTING BRACKF

MOTOR HOUSING

A. GENERAL MOUNTING METHOD FOR CAPACITORS.

MOTOR HOUSING

CAPACITOR, 0.1 AlP

L N TOOTH.TYPE LOCKWASHER

S. ALTERNATE MOUNTING FOR CAPACITORS. 1N1212-68

Figure 3-172. Capacitor Installation at Brushes in a DC Motor
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BRUSH CAPACITOR, MOTOR HOUSING

TOOTH- TYPE

SOLDERLOCKWASHER

~ PLATED METAL SPACER

CAPACITOR MOUNTING BRACKET

MOTOR HOUSING

SO0.1 uF, 400 voc

-TO FI ELD W!1212-69

Figure 3-173. Capacitor Installation at Brushes and Field Leads in a
DC Motor

important consideration in the design of alternators) is especially im-

portant when interference.reduction techniques are considered. A com-
paratively minute harmonic content may be quite tolerable from all points

of view except that of Interference reduction. In the reduction of har-

monics, special attention must be given to:

(1) Flux distribution. The most Important factor determining the
waveform of the generated voltage Is the distribution of the

magnetic flux ataound the periphery of the armature. Sinusoi-

dal distribution, which produces the least amount of interfer-
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TOOTH-TYPE LOCKWASHER

CAPACITOR, 0.01 JUF

600 vDc, 20 Amps

A. PREFERRED INSTALLATION OF FEED-THROUGHB CAPACITOR

MOUNTED AT POSITIVE TERMINAL IN DC MOTOR.

GROUND TERAINAL POSITIVE TERMINAL

S'C-APAL•J":TOR, 0.01 JJF, 250 v, AC/oc

TOOTH-TYPE I.OCKWASHER

I. ALTERNATE INSTALLATION OF BYPASS CAPACITORS

MOUNTED AT BRUSHES, IN1"W-70

Figure 3-174. Capacitor Installation in DC Motor
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once, may be achieved by chamfering the pole tips or skewing

the pole faces.

(2) Symmetry. In a perfectly symmetrical machine, all even har-

monics automatically disappear; therefore, special care must

be exercised to construct identical pole pieces, to make the

yoke and armature perfectly symmetrical, to produce a perfect-

ly uniform winding on the armature, and to avoid all other Ir-

regularities.

(3) External connections. In a three-phase alternator, the third

harmonic and its multiples disappear at the terminals except

when the machine is wye connected and has its neutral grounded,

in which case third harmonics are present in the voltage be-

tween any phase and neutral. This connection should be avoided,

or, if it must be used, special attention should be given to

the prevention of the third harmonic and its multiples.

(4) Distribution factor. The distribution factor should be cho-

sen to eliminate the lowest harmonic not eliminated by any of

the devices mentioned In (2) or (3).

(5) Tooth ripples. The generation of tooth ripples is greatly de-

creased by skewing, through one slot pitcheither the pole shoes

or the armature slots. Tooth ripples may be eliminated alto-

gether by making the number of armature-slots per pole-pair an

odd number. The chord factors, for the harmonics that are con-

tained in the tooth ripples, are ther -educed to zero. Slip

ring and brush materials should be such that interference is

minimized. The design considerations,applied to brushes and

commutator surface materials in dc machines, apply equally well

here. The effects of brush bounce, due to vibration or irregu-

larities of armature motion, can be minimized by the use of two

or more brushes per slip ring.
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c. In addition to the interference generated as a result of the brush

action on the slip rings and the harmonics prestunt in the sine-wave out-
put of an alternator, the exciter is a prolific source of Interference.

Because both the exciter (essentially a dc generator) and the ac genera-

tor are Installed in a single housing, shielding considerations become a

combination problem. Plating of the commutator, the use of proper brush-

es and brush pressure, and the application of bypass capacitors are appli-

cable to the exciter; the other design measures can be applied to the ex-

citer as a separate unit. Although Individually designed for interference

reduction, the alternator and exciter each generate some interference;

this residual Interference is reduced by shielding and the use of bypass

capacitors Installed at terminal outlet3.

d. Shielding of the alternator is incorporazed in the design of its

housing. Low-impedance paths between sections of the housing, provisions

for bonding, and screening of all ventilating louvres must be carefully

observed if the over-all interference-reduction design is to be effective.

As in dc generators, no matter how perfect 'he shield, a means of escape

from the shield for the Interference currents is provided by the alterna-

tor shaft which penetrates the shield. The same procedures for shielding

dc generators therefore apply to alternators. The alternator terminal

outlets provide another means of leakage from the alternator. They are

prevented from radiating in~erference by the Installation of capacitors.

Bypass capacitors are Installed Inside the terminal strip and are rson-

nected to the terminal outlet Just before the terminal breaks the shield.

This arrangement removes Interference from the lead at the last possible

point, preventing Interference from coupling back into the lead and radi-

ating from the terminals or from their connected wiring. Another type of

installation Is co mount feed-through capacitors through the terminal

strip.

e. The problems ot Interference suppression for alternators also

app!y to synchronous motors. Synchronous motors have the same basic com-
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ponents as alternators. A synchronous motor will operate as an alterna-

torand vice versa. An induction motor should be usel insteaL' of a

synchronous motor whenever possible because of the lower InterfL-ence

generated by Induction moto:s.

f. The primary source of Interference within a single-phase induc-

tion motor is the starting device. The starting winding is in series

with a switch (or capacitor and switch) that is closed when power lb off.

When the motor reaches approximately 80 per-cent of its rated speed, the

switch is opened (either by centrifugal force or by a solenoid coil) and

a single pulse of interference is gonerated. This switch should be

placed in a shielded housing; the leads, leaving the housingshould be

filtered.

3-61. Portable Fractional-Horsepower Machines

Portable fractional-horsepower machines include sich equipment as por-

table electric drills and saws. Power is furnished by high-speed, light-

weight, ac-dc,or ac electric motors. Such equipment, using ac-dc motors

(universal motors), is a major source 2f Interference because commutation

is essential in Its operation. As In dc motors. an effective, economical

method of designing for reduced comnutator-brush interference is by in-

stalling capacitors at the brushes. in iome portable ac-dc machines, re-

strictions of slze and shape prevent the installation of capacitors at.

the brushes, and it is more feasible and economical to mount the capaci-

tors in other parts of the equipment. Installing capacitors at the line

side of the switch bypasses interference to the u.flt housing at the last

point of exit to the power lines, and prevents the Interference from coup-

ling back into an interference-free leadand from being conducted by the

power lines. If the mechanical design of the unit irevents the installa-

tion of capacitors on the line side of the switch, it is permissible to

install them on the motor side. Shielding may be used to ensure that no

Interference couples back into the leads before they leave the unit.

3-357



3-62. Special-Purpose Machines

a. Special-purpose rotating machinery Include a variety of equipment;

the e.ost important of these are rotary Inverters, dynamotors, motor gener-

ators, and generators for electric arc-welding equipment. The function

of conversion is common to most of this equipment: ac is converted to dc,

or to higher frequency ac; or dc is converted to higher or lower voltage

dc, or to ac.

b. A rotary inverter, which converts dc to ac, is basically a dc mo-

tor with added taps on the armature winding; slip rings are connected to

these taps to provide the ac output. ;nterference is generated by both

the ac and dc functions; commutator and brush action in the motor, anc

bru:h action and harmonics in the alternator. Figure 3-175 illustrates

an interference-reduction design technique for an inverter. The che-

mat~c diagram shows two feed-through capacitors bypassing interference

from the output leads of the alternator. The dc lead is shielded front

the motor by a feed-through capacitor. In addition to the shielding and

the feed-through capacitor on the dc line, a capacitor shield is in-

stalled to prevent radiation from the terminal on the hot side of the

capacitor. This shWeld also provides a ground for the braid shielding.

The ac output leads do not require shielding because the interference

generated by the alternator Is much less severe than that generated by

the dc motor. Bypass capacitors, connected to the brushes in both the

motor and the alternator, should be Included In the original design, The

housing must adequately shield the unit with a feed-through capacitor,

mounted through the shield for connection to the dc Input lead. The ac

leads may not require suppression in addition to that provided by the

capacitors at the brushes.

c. i dynamoto: (a combination dc motor and generator with a single

magnetic field) has an armature with tw, 5eoarate windings and two sepa-

rate commutators, one at each end o, the armature. It transforms low-

voltage dc to high-voltage .c, ar %ice versa. The two commutators make
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Figure 3-173. Interference Reduction Deslign Technique for Rotary
I nver ter

this machine a particularly prolific source of interfuirence. The suppres-

sion techniques for dc generators and motors y to the dynamotor. Fig-

ure 3-176 illustrates a dynamotor, with feed-°' iJgh capacitors bypassing

interference to the housing on both the input and outF.c leads. Conplete

shielding of the dynamotor prevents Interference from leaking through

other paths.

d... The use of ac commutator motors should be avoided whienever possi-

ble. Universal motors fall into this category, as well as repulsion motors

and series ac motors. The performanctw advantage of these types Is their

high-starting torque; their interference generation, however, is much
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FEEO-THROUGH CAPACITOR FEED-THROUGH CAPACITOR
0. 1 VpF, O00 VOC - 2.0 1UF, 100 VOC.

TOOTH- TYPE LOCKWASHER

SWUIN HOLDER (REVERSW
FROM LEFT TO RIGHT TO

SHORTEN CAPACITOR
•e LEAD)

Figure 3-176. Interference Reduction Design Technique for a Dynamotor

more severe than that from other types of ac motors.

*. High-starting torque with ac motors can be obtained without in-

creasing Interference generation by us!ng capacitor-type starting, in-

duction-run motors. These motors use a high-capacitance condenser for

starting potrposes only. Starting torques of 200 to 350 per-cent of full-

load torque are feasible with acceptable starting currents. Ratings from

1/8 to 10 hp are available.

f. Generators,for electric-arc equipment, require special attention only

when connected to such a severe source of interference as the electric
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arc. The generator can be either ac or dc, and be driven either by an ac

or dc motor or an engine. Nothing can be done to reduce the interference

generated by the electric arc itfelf. The equipment should be located

away from communication equipment, and in buildings with good shielding

characteristics. The leads, from the generator to the welding electrodes,

c~n become very effective interference radiators and should be adequate-

ly shielded.

3-63. Summary of Interference-Reduction Design Techniques for Rotating

Machinery

a. DC Ginerators.

(1) Install capacitors at the brushes.

(2) Install a capacitor at the armature terminal, either feed-

through or bypass.

(3) Shield the housing. The housing should have screened Iouvres,

conducting gaskets between sections, and, if an inspection

plate is needed, it should be tight-fitting and gasketed.

(4) Shield the terminals. They should be covered with individual

caps that terminate in threaded fittings, or with a shield,

covering both terminals which terminate in one threaded fitting.

(5) Shield the Interconnecting wiring between the voltage regula-

tor and the generator.

(6) Install a shaft bond.

(7) Maintain good bonding between the generator and the driving

engine.

b. DC Motors.

(1) Install a feed-through capacitor at the positive terminal to

eliminate the need for capacitors at the brushes and shielding
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of external wiring.

(2) Install capacitors at the brushes (alternate installation to

item 1).

(3) If the motor is equipped with an adjustable speed control, in-

stall capacitors Inside the housing at tOe field leads. The

field leads are bypassed just prior to their exit from the mo-

tor housing.

(4) Shield the housing. The housing should have screened louvres
and conducting gaskets between sections.

(5) Maintain good bonding between the motor and ground through ei-

ther direct mounting or through th- use of bond straps.

c. Alternators.

(1) Install capacitors at the slip-ring brushes.

(2) Install capacitors at the exciter brushes.

(3) Mount feed-through capacitors through the terminal strip in the

output leads, or Install bypass capacitors inside the terminal

strip and connect them to the terminal outlet just before the

terminal breaks the shield; this makes shielding of the alterna-

tor output leads unnecessary.

(4) Shield the housing. The housing should have screened louvres

and conducting gaskets between sections.

(5) Install a shaft bond.

(6) Install braided shielding on the lead from the exciter to the

voltage regulator.

d. Synchronous and Induction Motors. The same measures %hat apply to

alternators apply to synchronous motors. An Induction motor, however,

should be used instead of a synchronous motor whenever possible because
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It generates less interference.

e. Portable Fraztional-Horsepower Machines with Universal Motors.

(1) Install capacitors at the brushes.

(2) Install capacitors on the line side of the switch at the last
possible exit of interference onto the power lines.

(3) Shield the unit housing.

f. Rotary Inverters.

(1) Install capacitors at both the cammutator and slip-ring brush-
es. The ac output leads ordin-rily do not require shielding
if cap-citors are Installed ac the slip-ring brushes.

(2) Shield the unit housing.

(3) Mount a feed-through capacitor through the shield for connection

to the dc input lead.

L Dynamotors. The same techniques apply for dynamotors as for dc
generators and motors.

h. Generators for Electric-Arc Equipment. Leads from the qenerator
to the welding electrodes should be shielded.
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A
A I umi num

Absorber strips in a waveguide, 3-114 bonds, 2-27, 2-28

Absorption chassis, rf, attenuation of, 1-53, 1-74

atmospheric, mt~hanism of, 1-25 dc 17nntact resistance of, 2-88

loss, shield, 2-39 ff., 2-59, 2-75 electroless nickel plating for, 3-208

calculations, 2-47, 2-48 foil

copper, 2-51, 2-58, 2-73, 2-83 electrostatic shielding by, 2-209

Hypernick, 2-48 ground plane, 2-209

iron, 2-51, 2-58, 2-73 jacketed, coaxial Aijack cable, 2-177

,ietals, 2-48, 2-49, 2-78 jumper for bonds, 2-28

at 150 kc, 2-50 knitted wire conductive gaskets, 2-155

Mu-metal at low-frequency, 2-77 mesh, woven, conductive gaskets, 2-151
non-magnetic, 2-78 rf resistance of, 2-89

AC motors, interference due to slip-ring screen gasket impregnated with neoprene,2-150

friction in, 2-213 shields, anodizing of, 2-84

Activi ty Ambient

series, electromotive, 2-84 interference, definition of, 1-2, 1-3
sunspot, 1-23 noise level, permissible, 2-14

tabie, electromotive, 2-26 temperature of a filter, 3-96

Addition of shot noise and thermal noise, AM detector, interference in, 3-245

formula for, 3-11 Amplifier

Adjacent channel computer

interference, 3-245 power supply connections for, 3-326

definition of, 3-245 system node construction in, 3-325

response if, miniaturized, 3-337
,carrier beat" type, 3-246 klystron

"monkey chatter" type, 3-246 coaxial harmonic filter in output of, 3-51

"siqnal masking" type, 3-2b6 test of, 3-36

Admiittance, mutual, couplinq, 1-48, 2-202 magnetic, interference from, 3-!89, 3-190
AEEL conductive gaskets, 2-150, 2-151 nonlinear, spurious responses, 3-214
Agitation, thermal, interfererce, 1-6 operational, system nodes and reference

Air node for, 3-321

gap potentiometric, system nodes and reference

Lorona node for, 3-323
critical gradient of, 1-34 transistor, cross-modulation in, 3-68

geometric configuration of, 1-34 triode, formula for equivalent noise
elimination of, 1-40 resistance for a , 3-13

inequalities, interference from, 3-350 TWT

impedance of as an attenuator, 3-41

copper and nickel mesh, 2-102 descrlption of, 3-41

perforated metal and honeycomb, 2-102 output characteristics of, 3-48

shieldirng screens, 2-116 Ampllstat, int-rfzrence from, 3-190
or dust seal gasket, 2-146 Amplitude

resistance (see air impedance) ,.:rs6. for various waveforms, 1-7, 1-8

tight and interference-tight combina- distortion after modulation as a source of
tion gasket, 2-144 ,ojr.ovband interference generation,l-20

Aljak caile, 2-17?, 2-179 modulation splatter

Alodyne 1200 chromat- film for interference definition of, 3-281
suppression, 2- - fo-miula for, 3-281

Alternator AN-type connectors, sealing of, 2-143
distribution factor of, 3-355 Analog curiputins equipment, susceptibility
rlux distribution in, 3-353 of, 3-317

,neration of harmonics in, 3-351 Analysis
interference, 3-351 conducted interference, 1-55

5uppression ot, 3-343, 3-351, 3-355 Fourier, of a rectangular pulse, 1-9. ,-II

shield.ig of, 3-356 interference
breadboard Ftage, 2-Z
radiated, 1-54

transient pulse Shapes, 1-Z0
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INDEX

AN/GRC-( ) Armor, metal, cable, 2-180
ancillary equipment, rfi design plan for, Armour Research conductive gasket, 2-150 f'

1-72 Arterial ground paths, 2-16
EMC considerations for, 1-50 Astronuony, radio, 1-25
insertion loss considerations of, 1-58 Atmospheric
rfi design plan for, 1-52 absorption and reradiation, 1-25
susceptibility consideraticns of, 1-5te interference, 1-6, 1-21, 1-41

Angular modulation splatter interference tr.o:., ATR and "R tubes
transmitters, 3-280 interference in, 3-47

Anodizing of aluminum shields, 2-84 shielding cuf, 3-47
Antenna At tenuat ion

conducted tests of Ehl'C tst plan, 1-97 aperture, formula for, 2-93
coupler rfi reduct;on, 1-58 calculations, 2-95
directional, 3-314 constant, 2-45, 2-96
interference, suppression of, 3-312 feed-through cdpdcituor, 3-137
local oscillator radiation from, 3-254 filter, 3-89 ff.
location of, 2-222 power l;ne, formula for, 3-93, 3-94
patterns, supprefssion of interference by, ideal tuned circuit, 3-217

3-314 local oscillator, in receivers, 3-254
receiving, shield, 2-38 order, 2-102
side-lobe reduction, interference suppress- radiated field, 2-39

ion !y, 3-315 rf, of aluminum chassis, 1-53, 1-74
stage, transmitter, suppression of inter- shield, 2-39, 2-40

ference from, 3-296 apertures, 2-92
systems conductive gaskets, 2-146

design of simple (see Department of the honeycomb, 2-115, 2-124
Army Technical ManuAl TM-11-666, An- mesh, 2-103

ten:,as and Radio Propagation), 3-314 screen, 2-114, 2-115
interference suppression of, 3-314, 3-315 transmitter coupling, 3-288

transmitter, 3-27S waveguide, 2-100
wire, shieloing, 2-38 circular, 2-127, 3-109

Antennas formula for, 2-128, 3-108
matched, or interference suppression, 3-316 hollow-pipe, 3-107
types of, 3-312, 3-313 rectangular, 2-126, 3-110

Antielestric field shields, 2-78 Attenuator
Antimagnetic fielc shields, 2-78 TWT amplifier, 3-41
Aparture, 2-92 waveguide, 2-129

attenuation, formula for, 2-93 aperture, 3-108
characteristic impedance, formula for, circular, formula for, 2-128

2-93, 2-99 rectangular, formula for, 2-125
reflection loss, formula, 2-93, 2-94 shield, 2-116
ventilation, typical screen Installation tube, 2-130

over, 2-105 Audio
Apertures processing of modulation splatter intcr

as wavegulde attenuators, 3-108 ference, 3-304
In a shield, shielding effectiveness of, 2-98 spectrum of the average male voice, pe.

Appendix to EMC test plan, 1-99 clipping suppression of, 3-304
Arc susceptibility of receivers, 3-202

carbon, lamps, suppression of, 2-156, 2-157 transmitter intermoJulatior,, 3-283
positive temperature-coetficient Automatic *,ain control, instantaneous, fo

thermistors for suppression of, 3-55, 3-56 interference suppression, 3-269
welding equipment, generators for, Auxiliary

suppression of, 3-358 channel for interference suppression, 3
Armature power un.ts, location of, 2-222

coils for interference suppression,3-345,3-346 shield, use of, 2-80
segments per pole, interference from combi- Avalanche breakdown of Zener diode, 3-76

nations of, 3-350
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B
Bond

Back-lobe interference suppression, 3-315 connector, 2-i88
Backward-wave tubes, shielding of, 3-47 contact area, 2-29
3a lanced contraction, 2-37

circuit, conditions for, 2-214 copper, use of, for. 2-27
coaxial line with coT•Ion shield, 2-185 corrosion, 2-26
linear discriminator, interference in, 3-246 resistance, 2-2i

mixers for suppression, 3-245 corrugated, 2-2S
Bandpass dc resistance of, 2-20

curves, typical receiver, 3-225 definition of, 1-3
delay line, TWT, 3-44 direct, 2-22, 2-36
filter, 3-44, 3-204, 3-232, 3-254 dissimilar metal, 2-36

stripline, 3-102 effectiveness, 2-19
Band rejection stripline filter, 3-102 electrolytic action on, 2-29
Bandwidth limitation, inadequate, 1-20 engine shock mount, 2-32, 2-33
Basic environment, 2-26

reduction of interference, 3-3 expansion, 2-37
series limiter for pulse interference fatigue resistance, 2-21

suppression, 3-273 finger, phosphor-bronze, 2-30
Batteries, bias, for switching interference finish metal for, 2-28

reduction, 3-179 ff. frequency range of, 2-29
Beam voltage in a TWT, velocity vector of,3-46 galvanic corrosion of a, 2-22, 2-29
Bearing gold, use of, 2-27

interference suppression, 3-350 grease protection of, 2-26, 2-29 ff., 2-36
static, 1-29 hinges, 2-37

Belt static, 1-28 impedance, rf, 2-20
Beryllium copper measurements of, 2-20

bond strap, 2-22 indirect, 2-22, 2-29
gasket, 2-151 Inductance, 2-20, 2-29

Bessel iron, use of, 2-27
coefficient, formula for, 3-307 Jumper, 2-26
function for lead, use of, 2-27

modulation Index, 3-35 mugnesium, use of, 2-27
relative side bond strength, 3-34 washer for, 2-28

B-factor, shield, 2-39, 2-41, 2-44, 2-59 ff. materials, 2-27
copper, 2-58, 2-83 meting surfaces of a, 2-36
iron, 2-58, 2-74 mechanical, 2-26
steel, 2-74 metal connection for a, 2-28

Bias batteries for switching Interference metal-to-metal contact of, 2-22, 2-36
reduction, 3-179 ff. moisture In a, 2-29

Bimetallic plates for bonds, 2-26 nickel, use of, 2-27
Black jacket cable, low-temperature, 2-178 permanent-type, 2-36, 2-37
Boards, printed circuit, 2-13 physical characteristics of, 2-21
Bolt fasteners for bonds, 2-22, 2-23, 2-27 plate, 2-26
Bond plating of, 2-26

ac Impedance of, 2-19 platinum, use of, 2-27
aluminum, 2-27 polysulphate coating, 2-26, 2-29 ff., 2-36

jumper for, 2-28 potential drop across, 2-19
bimetallic plates for, 2-26 protective coating for, 2-26, 2-36
bolts, 2-27 relative motion of, 2-29
b'a':ed joint, 2-22, 2-36 replaceable components for, 2-26, 2-27
cadmium finish for, 2-27 resistance of, 2-19, 2-21
cadmium-plated washer for, 2-28 rf
capacitance, 2-20 effectiveness of, 2-19
chromium plating for, 2-27 ground, effect on filter effectiveness,
clamps, 2-27 3-117
coating, 2-26 impedance of, 2-21
connections, 2-37 rotating Joint, 2-30
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Bond Bund-strap, 2-4, 2-22, 2-23
screw-type for a, 2-28 burll . ,i •uppee,, 2-22
seal for, 2-29 bolting installation, 2-23
semipermanent, 2-36 braided, 2-24
separator, 2-26 corrugated, 2-22
shaft, 2-30 effetiveness of a, 2-21
shielding inteqrity of, 2-37 equivalent circuit of a, 2-20
shock mount, 2-29, 2-31 finishoN. 2-26
silver, use Of, 2-27 t -l ).it ,, 2-22, 2- 1
size of, 2-21 i., a. 2-21
seldered, 2-22, 2-37 lvnqth-t,,-.,idtn ratiL ,f a, 2-24, 2-37
stranded, 2-24 .etal-t•,-<tul --'tact ot a, 2-23
strength of a, 2-21 phosphur t-r-,nze, 2-22
surface -iaterials f,jr, 2-26 rauiatr ,f ri enerjy, 2-21
.weated, 2-22, 2-36 ,,.5ih .r , 2-22
te,,perature coefficient of,, 2-21 -e',,nant frequency ,f a, 2-29
tin, use of, 2-27 Self
tinned copper jumper for, 2-28 inductance (,f a, 2-21
tooth-type luck %..sher rur, 2-22, 2-29 resonance of a, 2-21
types of, 2-22 solid, 2-22 ft., 2-31
vibration of, 2-29, 2-37 i.ipedances ot a, 2-25
washer, 2-26, 2-27 strandea, 2-24
welded, 2-22, 2-36 vehicle engine, 2-29
zinc-plated, 2-27 width-to-length ratio of a, 2-221

Bonding, 2-19, 2-26, 2-29, 2-202 Boot-strap capacitor in UJT circu;t, 3-86
cabinet, 2-219, 2-220 Box-shield
cable, 2-34 Faraday

shield, 2-193 ff. chopper input transformer, 3-152
tray, 2-31, 2-35, 2-36 double, for powel transformer, 3-151

clamps, 2-70, 2-198 isolation transformer, 3-152
conductive gasketing, 2-221 low-level input transformer, 3-152
conductors, indirect, 2-37 measuring leakage between transformer
conduit, 2-34 primary and secondary, 3-150
connections, location of, 2-37 Braided
direct, 2-22 bond-scraps, 2-24
effect on pi-section filter of, 3-116 conductors for bond straps, 2-23
effectiveness, low-freqjency, 2-19 Brass, silver-plated, knitted wire conducti.
equipment cabinet, 2-36, 2-218 gaskets, 2-155
filter, 3-123 Brazed
flexible bond, 2-22

cable, 2-34 joints, 2-36
conduit, 2-30 Breadboard stage, interference analysis, 2-3

halo applications, 2-193, 2-196, 2-19ý Breakdown, avalanche, Zener diode, 3-76
hinges, 2-31, 2-35 Bridge, resistance, 2-19
impedance, maximum allowable, Z-21 Bridging
inadequate, 2-19 suppression of, 3-160
interference-producing unit, 2-3 type switch-geneiated interference, 3-16C
jumpers, 2-19, 2-21, 2-23 Broadband
metal selection, 2-26 Interference, 1-6, 1-9, 1-68
practices summarized, 2-36 definition of, 1-3
rack, 2-218 from
receiver shields, 3-209 control circuitry, 3-159
rigid conduit, 2-30, 2-34 corona, 1-34
shield, 2-186, 2-192 electrical machinery, 1-26
shock-mounted solid-state power supplies, 3-202

equipment, 2-29 in receivers, 3-222
tray, 2-221 intermodulation tests for EMC test plan, I

slip ring, 2-30 Brush
capacitors for interference suppresslon,3-
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Brush Cable
current density effect on interference coaxial, 2-184 ff.

emission, 3-343 Aljak, 2-177
interference from alternators and synch- commercial, 2-180

ronous motors, 3-351 Double shielded, 2-177
pressure effect on interference emission, heliax, 2-179

3-343 noise-free, 2-177
res;stivity effect on interference emission, shieldinq, 2-38

3-344 single, shielded, 2-177
Brushes connectors, 2-182

in a dc motor, capacitor ;nsta~lation at, ciutstdik jn a, 2-2G0
3-352, 3-353 double shield, twisted pair. 2-177

laminated fiberglass jacket, 2-179
commutation of armature coil by, 3-346 flexible
for interference suppression, 3-345, 3-347 bonding of, 2-34

low-resistance, for interference suppression, flat-conductor, 2-210
3-344 gray vinyl jacket, 2-178

suppression of interference from, 3-343 grounding, 2-12
Buckling bet%,.cn fasteners with thin material, interference

2-131 radiated from, 2-176
Bulkhead transferred into, 2-176

filter, 3-4, 3-115 leakage power, 2-177
installation of, 3-4. 3-5, 3-123 metal armor, 2-180

mounting of feed-through capacitor, 3-137 mutual coupling, 2-200
Bulk-type semiconductor resistor, 3-328 noise-free, 2-179
Bullet septa in a waveguide, 3-111, 3-113 polyethylene jacket, 2-178
Bus rf, shielded, interference currents in, 2-191

ground, 2-6, 2-1l routing, 2-199
multiended, 2-16 shield
series connections in a, 2-16 bonding. 2-193 ff.
single-point arrangemeist of, 2-12 halos for, 2-193

Bypass capacitor, 2-192 effectiveness of, 2-186
construction, 3-129 foil, zipper tubing for. 2-171
impedance-vs-frequency, characteristic of, grounding, 2-186

3-123 interlacing straps for, 2-193
interference redu:tion by, 3-117 shielded, 2-30, 2-177
mounting at armaLure terminal in a dc double conductor, 2-177

generator, 3-349 foil, 2-170
ha-nesses for, 2-185
method of introducing, 2-190
multiconductor, 2-177, 2-184

C rfi reduction, 1-73
spiral-wound, 2-171
twisted pair, 2-188

shielding, 2-176
Cabinet transmission, 2-80, 2-81

bonding, 2-36, 2-218 ff. single shield, 2-i77, 2-184

equipment shielding, 2-218, 2-221 tray bonding, 2-31, 2-35. 2-36
Cable triaxlal, 2-177, 2-180

AIjak, 2-179 types, 2-177
application, 2-1o2 Cabling, 2-176

triaxlal, 2-199 elements, common-impedance, 2-212
armored over the shield and jacket, 2-177 interference, interconnecting, 2-176
black jacket, low-temperature, 2-178 methods, typical, 2-201

bond, 2-34 power, 2-213
characteristic impedance. 2-176, 2-186 wye-connected transmission system, 2-213
circuit configurations, 2-210 Cadmium bonds, 2-27, 2-28
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Calculatiohis for (see formula for) C~apacitor
Calibration of test equipment fur EMC t-,. miniaturized

plan, 1-90 p-n junction type, 3-328
Capacitance thin-film type, 3-328

between conductors, 2-199 paper tubular, resoranL frequency vS ieaI
bond, 2-20 length, 3-131
coupling, 1-48, 2-209 resonant frequency

Faraday shield forirula fui, 3-218
formula for, 3-149 shifting by varyinq lead length, 3-130
measurement of, 3-149 stud-type, of, 3-136

distributed, of coils ,electlon for filters, 3-123
inductance type, 3-141 serie resonant frequency of, 3-127
single-layer, nunw)graph for, 3-144 standoff type, resonant frequency, vs lead

effect of lead inductance un, 3-125 lenqth, 3-134
insertion loss at a given frequency, switching interference suppressors, as, 3-

formula fur, 3-138 C'pacity (see capacitance)
leakage :f a Faraday shield, 3-149 Carbon arc lamps
mutual, 2-202 shielding of, 2-156

of electrostatic coupling, 2-205 suppression of, 2-157
to *jround, 2-209 Ci,rier-beat type of adjacent channel res. '.- .

of a filter, 3-96 3"'4u

Capacitive Carroll, John M., "Mechanical Design for
coupled circuits, 2-206 Electrcnics Production", McGraw-Hill,

cuuoling, 1-48 1956, 1-52
crUsstalk, 2-211 Cathode-ray tube op-nings, shielding of, 2-1CF

Capacitor, 3-89 2-16^

boot-str-p. in UO,. :ircuit, 3-86 Cathodes, oxide-coated, in a penthode, noise

bypass, 2-192 from flicker effect of, 3-17

construction, 3-129 Caulkimg
fur interference applications, corductive, 2-174

reduction, 3-I17 compound, Eccoshield VX, for shielding, 2 -li
.suppression, 3-349 Cavity

impedance of, 3-123 magnetron
ceramic disc, resonant frequency of, 3-133 electromaqnetically coupled, 3-26

construction, non-inductive, 3-128 tuned

feed-through, 3-136 section, 3-113

attenuation, characteristic of, 3-137 waveguide, 3-111
bulkhead mounting of, 3-137 Ceram ic

z.onstruction, 3-137 capacitor, standoff, resonant f,'equency of,

current-carrying capacity of, 3-140 3-134

decoupling networks, 3-249 filter for microminiaturizatiorn, 3-340

insertion loss, 3-135, 3-W ff. ladder filters, 3-342
formula for, 3-138 Channel

installation, 3-123 definition of, 3-224

optimumn value of, 3-140 frequency spread, 3-224i

shield assembly, 3-125 interference, adjacent, 3-245

fixed, equivdlent circuit for, 3-123 width for interfeierce suppressiun, 3-293

impedance of, 3-128 receiver, 3-224

insertion loss effectiveness of, 3-128 Characteristic inmpedance

installation at brushes of d. motor, 3-352 ff. aperture, 2-93
interference suppressinn of, dc motors, 3-351 formula for, 2-99

lead cable, 2-176, 2-186

inductanc- of, 3-123 rectangular waveguide, fuoi"ula fur, 2-95

length vs resonant frequency, 3-130 stripline filter, 3-104

type, 3-128 Chassis

*ica, resonant frequency vs lead length, of mounting of filters, 3-118
3-132 potential, distribution of, 2-9

plot of, 2-9
Choke

flange, waveguide, modification of, 2-216
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Choke Collector, transistor,
in plate and cathode circuits of thyratron circuit, formula for noise Lerm in, 3-61

for interference reduction, 3-6 volt3ge, noise fiqure
Chopper inpL.t transformer as a function of, 3-65

Faraday box-shield for, 3-152 dependence on, 3-67
shielding techniques for, 3-146 Combination

Chromium plating for bonds, 2-27 air-tight and interference-tight gasket, 2-144

Chron:osphere of the sun, 1-23 gasket for air pressure and rfi seal, 2-132
Circuit pressure and interference see', 2-41A+

boards, printed, 2-13 Commercial coaAial cable, 2-180
shields on, 2-13 Common

coupling effects, 1-48, 2-202 ground return, 2-14
equivalent, cf a bond strap, 2-20 mutual impedance of, 2-202
ground points, 2-15 path inLerference, 3-80
grounding of, 2-14 impedance cabling elements, 2-212

Circuits potentil! refercnce point, 2-5
capacitively-coupled, 2-206 power supplies
gro.inding o", 2-5 compatability of, 3-153
relay switching, 2-207 interference suppression for, 3-155

Circular waveguide pulse shapes, formula for interference
attenuation of, 2-127, 3-109 lavel of, 1-15. 1-18, 1-19
attenuator, formula for, 2-128 shield-ground for multishielded cables, 2-193
cutoff frequency, lowest, formula for, 2-128 Co.mmunicatiorns
operating below cutoff, 2-125 receivers

Circulating currents, effect of, 2-17 interference in, 3-216
Clamp, bonding, 2-27, 2-30, 2-198 location of, 2-222
Class transmitters, location of, 2-222

A, permanentiy closed joint, 2-149, 2-152 Cofmutation
B, tixed position joint, 2-149, 2-152 of armature cuil by laminated brushes, 3-346
C, completely interchangeable joint, buporession of interference of, 3-345

2-149, 2-152 Cormutator
Clipped sawtooth pulse, formula for inter- current density effect on interference

ference level of, 1-15 emission, 3-343
Clipping, side-band, in a receiver, 3-230 interference, 1-44
Coating pitting for interference suppress'on, 3-345

bond, 2-26 Compatibility
grease, 2-29, 2-30, 2-36 electrical, 2-12
polysulphate, 2-29, 2-30, 2-36 electromagnetic

shield, Eccoshield type ES, 2-172 control plan, 1-50
Coaxial test plan, 1-87

cable, 2-177 ff. Compensating windings for interference

shield, 2-38 suppression, 3-345
harmonic filter, in output of high-power Complex

klystron amplifier, 3-51 propagation constant, 2-96
microwave filter, 3-102 stripline filters, 3-104

Co-channel interference in receivers, 3-226 wave shape, composition of, 1-6

Coil Component,
distributed capacitance, nomograph of, 3-144 electric field, 2-45

inductance megneti. field, 2-45
distributed Capacity of, 3-141, 3-143 selection for interference suppression, 3-294
equivalent circuit of, 3-141, 3-143 shields, 2-78

field losses of, 3-14i Components
heat rise of, 3-141 Interference in, 3-3
inductance of, 3-141 interfering, 2-4
permeability of, 3-141 Composite shields, 2-78

resistance of, 3-141 Compressed knitted wire gasket, 2-150
saturation of, 3-141 Compressible gasket, 2-133

magnetization, formula for, 3-145
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Compu te r Cunuucti ve
ampli fiers, power supply connections fur, gasket

3-326 plastic materials, 2-146
anaI , t '4, i5 lt !bi ity ,fr, 3-317 pressurized, 2-145
.ilcuit ;nterfer.,ncc, permissible level of, .ain-tiiht, 2-143

3-3!7 rubber, e-1.O, 2-152
Lo-',pner ts foir SySte,'I node con. struction, •crecn itipreqrjattd v.it i neoprene, 2-15.

3-325 s% ],-tti,t n, 2-152
uigital, ir.trrtlerence supprtession in, 3-317 serrated ornta.tc t ing-,:rs, --152
L!.e(erral interftren~e s,5urcu• for, 3-318 ,vieldirnU ofl._-.2 ivuncs5 ui, 2-146
ino rf,'rente tiul_, ub i , 2-151

uenerated by, 3-31, S, t :'wttal, 2-151
'ippressiun Ly s),te:,, n.,o ..1s, 3-319 wuvun -alu,.inui, ,'Sr, 2-151

internal interference tources in, 3-318 interfu.cnce, narrt.wbond, 1-69
node system constructien. 3-320 surface catinys us thields, Z-172, 2-17,
pover ,upplies, suppression of, 3-325 Cunfluctivity
reference node structure, 3-319 copper, 2-99
susceptibility of, 3-317 relative, 2-4,5
system node Conductor

Lonstrict in length-to-wavelength rat~o, 2-13
anplifiers in, 3-325 radiation, 2-4
cable considerations in, 3-323 Conductors

structure, 3-319, 3-320 braided, for bond straps, 2-23
Conductance, equivalent capaci tance betw;een, 2-199

olioue, ratio jf transconductance of a mutual inductance between, 2-I151
triode to, 3-13 twisted-pair, 2-1814

noise, o, vacuum tubes, 3-18 Conduit
C. onduc ted bond, 2-34

dt susc-ptioility te-ts of EMC test plan, flexible, 2-181
1-94 bonding (,f, 2-30

antennP tests uf EMC test plan, 1-97 metal, use of, 2-214
interference, 1-46, 1-47, 1-55, 2-213 placement of, 2-214

from slit.,line fluorescent lighting fix- rigid bonding of, 2-30, 2-34
tures, 2-159 .'hield, fleAible metal, 2-38

in SCR's, 3-82 shielded, 2-181

suppression of SCR's, 3-83 solid metallic, cablus routed through, 2-17.
tests, 1-4 tubing, 2-30

rf interference of EMC test plan, 1-91 Conduit and wirewaym, placcLient of, 2-214
rf susceptibility of EMC test plan, 1-94 Co-Netic

Conducting gasket, flat, 2-13b AA shields, 2-163, 2-171
Conduc tion foil thield, 2-172

current, 2-202 shield material, 2-78, 2-165, 2-16b
interference, 1-46 ff. Connection

transmitters, 3-288 earth, 2-6
interfering signals, 2-i4 ground, 2-10, 2-;I
of if signals from receiver, 3-255 impedance of, 2-8
radiation interference, 3-288 lug, 2-9

Conductive metal for bonds, 2-28
caulking applications, 2-:74 Connector
electronic resilient weatherstrips, 2-136 AN-type, sealing uo, 2-143
epoxys for joints, 2-174 application summary, 2-183
finishes for shield corrosion protection, bond, 2-188

2-84 cable, 2-182
gasket, 2-22, 2-131, 2-133 grounding, 2-188

AEEL, 2-15) shield co.ntinuity, 2-191
applications, 2-136, 2-137 shielding integrity of, 2-186
Armo.ur Research, 2-151, 2-152
knitted wire mesh, 2-151, 2-155
materials, 2-150
metal over ;-ubber, 2-152
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Cons tn t
attenuation, 2-1.5, 2-96 Copperphase, 2-96 shieldphase n, 2-96 reflection loss for. 2-51pro. -ag ation , 2-.96 iol ld

Contact aori darea of a bond, 2-29 absorption loss of, 2-83bond IS-fltor for, 2-83
metal-to-metalb 2-6 reflection loss of, 2-83strap, 2-2 -3 shihlIding effectiveness of. 2-58. 2-83erosion, s22itching 3-173 total reflection lossfengosi, swisket, 2-157 at both surfaces of, 2-71

metal-to-mei.al, cover and case for inter- in elcctrlc field of, 2-67

feronco shields, 2-153 in plane wave field of, 2-69

resistance, dc, for al-minum, 2-8e w.ire, formula for inductance of a straight
ContacteJ fingers, serrated, conductive piece of, 3-125

gasket, 2-152 Corona
Continuous equipment enclosure shield. 2-191 air gap, 1-34
Con.raction, bona, 2-37 eimination of. 1-40
Control geometric configuration of, 1-34

circuitry, broadband interfo.rence from, broadband interterence, 1-34
1-159 circvit, equivalent, 1-39

circuits, transistorized, for switching insulating shields for. 1-39
interference reduction, 3-192 interference, 1-34

crystal, of tunnel diodes, 1-32 level
EMC, plan, 1-50 plane-to-corner configuration, 1-35
interference, 1-3, 2-), 2-19 pivne-to-cylinder configuration, 1-36

of power supplies, 3-153 plane-to-plane configuration, 1-37
remedial, 2-3 plane-to-sphere configuration, 1-38
switching, of of the sun, 1-23

electron vacuum tubes, 3-189 voltage. inlationship of geometry to, 1-39
gas-filled diode tubes, 3-189 Correction factor, formula for
magnetic amplifiers, 3-189 aperture reflections. 2-91
thyratrons, 3-189 closely spaced shaliow holes, 2-101

panel penetrations. -hielding for. 3-207 coupling between closely spaced shallow
plan, electromagnetic cotnpatability. 1-50 hole;. 2-95

Conversion, double receiver, 2-230 number of openings per unit square. 2-94.
Converter, Image frequency response in, 3-229 penetration of conductor at low frequencies.
Copper 2-94

beryllium, gaskets, 2-151 reflection calculation%. 2-96
bonds, 2-27 Correction for
braid shielding of magnetic fields, 2-15 closely spaced shallow openings in a shield.
conductivity of, 2-"99 29
foil number of shield openings, 2-96

as a ground plane. 2-209 screen-type shields, low frequency, 2-96
electrostatic shielding by, 2-209 Corrosion

jumper for bonds. 2-28 bond, 2-22, 2-26
mesh, air Impedance of, 2-102 control, electromotive force series for, 2-95
oxide film, effect on interference emission, galvanic couple, 2-86

3-34 prevention for shields, 2-38, 2-8I
permeability of. 2-99 resistance of a bond, 2-21
screening, 2-124 soldering as a cause of, 2-85

shielding effectiveness, 2-105, 2-10 ff., stranc~ed bond, 2-24
2-120 Corrugated

measurements of, 2-123 bond, 2-29
shield bond-strap, 2-22

absorption loss for, 2-51, 2-58, 2-73 wavegulde filter in magnetron, 3-52, 3-108
B-factor for, 2-74 Cosine puls2, formula for interference level
penetration loss of, 2-72 of, 1-15
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Cosine-squared pulse, formula for Interference Crosstalk
level of, 1-15 interference, 2-200

Cosmic magnetic and electric fields, 2-199
interference, 1-23 multiconductor cable, 2-200
noise, 1-21 Crystal control of tunnel diodes, 1-32

Couple Current
electrolytic, 2-26 carrying capacity of feed-through capaci-
galvanic, corrosion of, 2-86 tar, 3-140

Coupling characteristic for Zener diode regulator,
between closely spaced 3-71

operings, 2-93 conduction, 2-202
shallow holes, correction factor for, '-95 density effect on interference, 3-343

capacitance, 2-209 ground, 2-13 ff.
of a Faraday shield, formula for, 3-149 induced on perforated metal shield, 2-1O0

capacitive, 1-48 interference in shielded rf cable, 2-191
circuit, 1-48, 2-202 regulator interference, 1-34
crossta!k, 2-200 return, 2-15
electric field, 2-199 transmission line conductor, formula
electrostatiz, 2-13 for, 2-82

interference, 2-206 upon switch opening, formula for, 3-177
mutual capacitance, by, 2-205 Cutoff

inauctive, 1-49, 2-199 frequency, waveguide,
field of, 3-141 circular, formula for lowest, 2-12e

intercir,.jic, 2-15 rectangular
interference, 2-4, 2-203 formula for lowest, 2-128

conduction, by, 1-47, 1-W8 operating below, 2-125
interstage, 2-15 waveguide below, 2-41, 2-96, 2-t0l, 2-ir.
magnetic, 2-204, 2-205 2-I11•

field, 2-199 CU carrier, interference from, 3-269
mutual inductance through, 2-203
reduction, of a twisted pair, 2-205

mu tual
admittance, 2-202
cable, 2-200 D
impedance, 2-202

In a 'told, 3-320
interference, of power supplies, 3-154

radiation, 2-202
signal resulting from step voltage, 2-206 Damped exponential pulse, critically,
stray, In receivers, reduc ton of, 3-205 formula for interference level of,

Critical gradient of air gap. 1-34 Dark noise, 3-22
Critically daimped exponential pulse, formula Daytime atmospheric interference, 1-21

for Interference level of, I-IS DCc
Cross-modulatlon, 3-66, 3-221 contact resistance for alumlnun, ?-88
am receiver, 3-222 motor
characterics, receiver, 3-222 capacitor instaliation in, 3-351 ff.

definition of, 1-3, 3-121 Interference suppression of, 3-344
distortion, 3-221 resistance of a bond, 2-20
high-frequency transistor amplifier, 3 -08 transformer, i,,terference In. 3-59
interference DecouplIng

receiver, 3-202, 3-225, 3-293, 3-294 definition of, 1-3
spurious external, formula for, 3-302 if, typical, 3-258

Crosstalk interstage, suppression by, 3-257
capacitive, 2-211 magnetic, 2-205
cot I1•9g, 2-200 networks, feed-thru capacitors in, 3-249
definition of, 1-3 oscillator harmonics, 3-226

intercable, 2-176 plate and filament circuits, 3-232
7ecelver, 3-203, 3-205, 3-212
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Decoupling Depth effects, skin, 2-93
test points, 3-212 Derivations (see formula for)

UJT circuits of SCR's from supply transi- Desensitization
ents, 3-86, 3-87 interference. 3-246

Definition of receiver, 3-203
ambient interference, 1-3 definition of, 3-246
bond, electrical interconnection, 1-3 Design for Electronics Production, Mechanical
broadband interference, 1-3 by John M. Carrol, McGraw Hill, 1956,
cross modulation, 1-3, 3-221 I-;2
cross-talk, 1-3 Design plan, rfi for
dark noise, 3-22 AN/GRC-( ) ancillary equipment, 1-72
decoupling, 1-3 government furnished and contractor pur-
emission, spurious, 1-5 chased items, 1-86
heterodyne interferer,ce in receivers, 3-248 Moden; Unit MD-( ), 1-64
impedance stabilization network, 1-4 Radio Set AN/GRC-( ), 1-52
imoulse noise, 1-4 insertion loss considerations of. 1-58
insertion loss, 1-4 susceptibility considerations of, 1-58
integral suppression, 1-4 Detection, "double-threshold"•, for inter-
interference, 1-4 ference suppression, 3-264

ambient, 1-3 Detector
broadband, 1-3 homodyne, interference in, 3-246
narrowband, 1-4 infinite impedance, 3-272
tests, 1-4 perfect envelope, interference in, 3-245

intermodulation, 3-216 product, interference in, 3-245
linear mixing, 3-243 square law, interfererce In, 3-245
narrowband interference, 1-4 synchronous, interference in, 3-245
netvork, impedance stabilization, 1-4 Diffusnd-layer silicon resistor, miniatur-
noise, impulse, 1-4 ized, 3-328
nonlinear mixing, 3-244 Diffusion and drift currents in a transistor,
receiver desensitization, 3-?46 noise from, 3-59
response, spurious, 1-5 Digital
shield, 1-4 circuit, evaporated layers forming, 3-333
small aperture, 2-116 computing equipment, interference suppression
spurious in, 3-317

emission, 1-S Diode, 3-69
response, 1-5 equivalent, ratio of triode transconductance

stabilization network, Impedance, 1-4 to conductance of a, 3-13
suppression, Integral, 1-4 Interference, 3-69
susceptibility, 1-5 reduction, 3-69, 3-73, 3-168
tests, Interference, 1-4 by packaging. 3-72
transmitter rectifier circuits, Interference reduction of,

coupling ouission, 3-286 3-74, 3-75
fundamental emission frequency, 3-276 shot noise and thermal noise in, 3-11
interference, 3-278 silicon, Interference in, 3-69
;ntermodulation emission, 3-02 spece-cherge-limi ted,
noise emission '+-erference, 3-281 not$e effects In, 3-14
parasitic effilss. ,-. 3-280 shot effect in, formula for, 3-10
shock-exitation emission, 3-286 with resistive load, formula for
splatter Interference, 3-280 shot noise in, 3-11

wbve trap, 1-5 thermal noise in, 3-li
Delay line switching interference reduction by, 3-162,

band-pass, VT with, 3-*44 3-166, 3-169, 3-171, 3-178
Interference suppression by, 3-265 temperature-I mi ted,
pulte-width discriminator, 3-267 formula for mean-squared noise c.jrrent
supersonic, Interference suppression by,3-262 fluctuations in, 3-9

TWT, shot effect in, 3-9
frequency vs delay-per-unit length for a, tubas, gas-filled, switching interference

3-42, 3-43 control of, 3-189
Impedance vs frequency for, 3-4$
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Diode Double
tunnel conversion in a receiver, 2-230

crystal control of, 1-32 Faraday box-shielded power transfont
Interference, 1-32 -Pi filter for reducing switching int
peresitics In external circuitry, 3-78 ference, 3-i96

Zener, 3-76 shielded cable,
avalanche breakdown of, 3-76 coaxial, 2-177
interference, 1-31, 1-33 twisted pair, 2-177

reduction for, 3-79 Doublers, double-tuned amplifier stag'
regulator characteristics, 3-77 tween, 3-232
switching circuits for reducing excess!ve Double-threshold method of detection fV

potentials. 3-77 interference suppression, 3-26-
Dipole field, static, 1-47 Double-tuned
Direct amplifier stage between doublers,

bond, 2-22, 2-36 circuits in transmitters, 3-296
emission from transmitters, 3-279 tank circuit for transmitter interfe-
view storage tubes, magnetic shielding suppression, 3-291

of, 2-165 Drawn magnetic shields, 2-161
Directional antennas, 3-314 Drift
Disc ceramic capacitors, resonant frequency and diffusion currents, transistor,

vs lead length of, 3-133 from, 3-59
Discharge transistor, 100% modulated interfer;

gas lamp, suppression o' 2-156, 2-157 voltage, 3-72
glow, switch gap, 3-159 Dual antenna systems for interference
tube interferenc., 1-30 pression, 3-315

Discrete -comoonent circuits, miniaturized, Ducts, honeycomb tube, as waveguides o-

3-331 cutoff, 2-101
Discrimination Dust seal, gasket, air, 2-146

PRF, In radars, 3-260 Duty cycle of a filter, 3-95
pulse-width, for Interference suppression, Dynanmotor

3-26S interference suppression of, 3-358,
Discriminator location of, 2-222

balanced linear, Interference in, 3-246

cIrcuit, prf
diagram of, 3-261

for interference suppression, 3-262 E
pulse-width

delay line, 3-267
Integrator type, diagram of, 3-266 Earth
weveforms for, 3-268 e cth

simple, Interference In, 3-24• connection, 2-6

Dissimilar metals radiation from the, 1-26

bond joints between, 2-36 Eccoshleld
in bonds, 2-22 ES material, 2-173

5issipation, heat, of shields, .-38 methyl ethyl ketone solvent for, 2-1,
Dissipative filter, description of, 3-100 surface coating, 2-172
Distortion, cross-modulation, 3-221 VX caulking compound for shielding,

Distributed capacitance of Effectiveness, shielding (see shield;nc

inductance coils, 3-141, 3-143 effectiveness)

single-layer coll, nomograph for, 3-144 Electric

Distribution factor of alternators and arc-welding generators, interference

synchronous motors, 3-355 suppression of, 3-358

Disturbances, atmospheric. 1-41 field, 2-47, 2-59

Dog-house shield, 3-210 attenuation by honeycomb shields,
B-factors in, 2-60
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Electric EMC for Radio Set AN/GRC-( ), 1-50
field control plan, 1-SO

component, 2-45 test plan, 147
coupling, 2-199 af conducted susceptibility tests in, 1-91.
crosstalk induced by, 2-199 antenna conducted tests of, 1-97
intensities at a shield, 2-39 appendix to, -99
intensity, 2-45 conducted rf interference tests In, 1-91
reflection less in, 2-51, 2-52, 2-75 equipment list for, 1-102

shields. 2-78 front end rejection tests In, i1-94
shielding effectiveness in, 2-53, 2-57, interference data for, 1-104

2-77 intermodulation tests
source, reflection loss to a, 2-48, 2-59 broadband, 1-96
stray, interference from, 3-350 narrowband, 1-96
total reflection lass in, of bteel and radiated interference tests of, 1-92

copper shields, 2-67 rf susceptibility tests
Electrical conducted, 1-94

bond connections, low-impedance, 2-37 radiated, 1-93
compatibility, 2-12 susceptibility data for, 1-103
equipment, ground connections in, 2-10 test
interconnection bonds, definition of, 1-3 equipment for, 1-89, 1-90
machinery interference, 1-26 operation of, 1-91

suppression ot, 3-343 report for, 1-100
resistance of a bond, 2-19 setup and calibration for. 1-90
transmittance Emission

of semitransparent shielding materials, direct, from transmitters, 3-279
2-165 frequency, fundamental, transmitter,

ratio of, tn optical transmittance, 2-165 definition of, 3-278
weatherstrippng applications, 2-139 harmonic, from transmitters, 3-279

Electroless nickel plating for aluminum, 3-206 suppression of, 3-298
Electrolytic i nterferenca

action on bonds, 2-29 effect of current density
corrosion of bonds, 2-26 brush, 3-343
couple, 2-26 pressure on, 3-343

Electromagnetic resistivlty on, )-)4
energy, leakage of, through holes, 2-9% commtator on, 3-343
shielding, 2-38 oxide film on, 3-3143, 3-348
wave, attenuation by nesh shield, 2-103 slip rin;. 3-343

Electromagnetically coupled cavities in a transmitter noise, definition of, 3-281
mognetron, 3-26 local oscillator, suppression of, 3-255

Electromotive paresi tic
activity suppression of, 3-302

series, 2414 transmitter, definition of, 3-302
table, 2-26 random prf, 3-264

force series of commonly used metals, 2-27 receiver, 3-251 ff.
use of, to control corrosion, 245 undesired, 3-099

potential between dissimilar metals, secondary, In vacuum tubes, 3-9
elimination of, 241 shock-excitation, definition of, 3-286

Electron tube (see vacuum tube) spurious, 1-5
Electronic equipment shielding, 2-38 transmitter, sources of, . '8
Electrostatic suppression of, 3-296

coupling, 2-13 temperature-limited, In vacuum tubes, 3-9
by mutual capacitance, 2-205 transmitter, 3-276
interference, 2-206 coupling, definition of, 3-286

shielding by aluminum foil, 2-209 harmonic, formula for, 3-279
for rf transformers, 3-212, 3-231 intermodulation, definition of, 3-282

noise, suppressIon of, 3-308
parasitic, definition of, 3-280
suppression of spurious, 3-289

undesired, in receivers, 3-198
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Emitted power at a shield, 2-39 Fasteners
Emitter bolt, for bonds, 2-22

current, transistor noise figure shield, 2-129
as a function of, 3-65 with thin naterial, buckling between, 2
dependence on, 3-66 Fatigue resistance of bond, 2-21

noise source in a transistor, formula Feed-througlý capacitor, 3-130
for, 3-60 attenuation characteristic, 3-137

Enclosure bulkhead mounting of, 3-137
radiated interference test, 2-92 construction, 3-137
seam design, 2-87 decoupling networks', use of, 3-249
shield, continuous, 2-191 filter installation, 3-123
%hielded. insertion loss of, 3-135. 3-137 ff.

design of, 2-44 formula for, 3-138
switching Interference filter in, 3-195 optimum va~ue, selection of, 3-140

Epoxys, conductive, for Joints, 2-174 rating of current-carrying capacity, 3"
Equation for (see formula for) shield assembly, 3-1.5
Equipment location for interference reduction, Ferrite filter, 3-111

2-221 materials, resonant, in waveguides, 3-
Equipotential points, 2-9 tube, Iossy, 3-100
Equivalent insertion loss characteristics, 3-100

circuit, Ferrous shielding for magnetic fields, 2-
bond strap, 2-20 Fiberglass jacket cable, 2-179
corona, 1-39 Field
fixed capacitor, 3-123 B-factors in electric, ,nagnetic, and i'
ground noise in electronically coupled wave, 2-60

circuits, 2-18 component
magnetron, 3-26 electric, 2-4!)

noise magnetic, 2-45
conductance for vacuum tubes, 3-18 electric, 2-47
resistance c-osstalk induced by, 2-199

for a triode mixer, formula for, 3-13 intensity, 2-45
referred to grid in vacuum tubes, 3-18 reflection loss in, 2-5!, 2-59, 2-75,

Evacuated serrated-ridge weveguldes, 3-1O0 shielding effectiveness in, 2-53, 2-7
Evaporated layers forming digital cir.uit, 3-333 total reflection loss in, 2-67
Extraneous modes of oscillation of .agnetrons, induction, 1-47, 2-39

1-20 Inductive, coupling of coils in, 3-141
Extraterrestrial radio interference, 1-25 :ntensity

at a shield, 2-39
magnetic, 2-45

formula for, 2-81, 2-82

F incremental permeability as a funct
of, 3-147

irterference, shielding of, 2-77
leads In dc motor, capacitor installati

Factor, correction (see correction factor) 3-3
Faraday level, nagnetic, inside a shield, 2-82

box-shield for losses of Inductance coils, 3-141
chopper Input transformer, 3-1$2 magnetic, 2-47, 2-48
Isolation transformer, '-152 copper braid shielding for, 2-205
low-level input transformer, 3-1*6, 3-152 crosstalk induced by, 2-199

shield low impedance, 2-46
coupling capacitance, penetration loss for, 2-75

formula for, 3-1.9 reflection loss in, 2-51, 2-54, 2-59,
measurement of, 3-149 shielding

leakage capacitance of, 3-149 against, 2-164, 2-202
transformer, 3-148 effectiveness, 2-51, 2-56

of screens in, 2-116
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Field Fi lter
plane wave, 2-43 loss less, deficiency of, 3-100

reflection loss In. 2-51, 2-55 lossy
shielding effectiveness in. 2-56 ferrite tube insertion loss, 3-100

radiated transmission line, 3-99
attenuation of, 2-39 L-section, 3-89
reflection of. 2-39 L-type. formula for insertion loss of, 3-89

Filter microwave, coaxial and waveguide, 3-102
arrangements, typical. 3-89 mode, in a waveguid.-, 3-114
attenuation mounting. 3-118, 3-)19

figure of a. 3.-9 multiple circuit vs single unit, 3-96
frequency curves, 3-89, 3-90 networks
loss of. 3-93 for reducing switching interfer-ence, 3-194

Ldndpass, 3-204. 3-232. 3-254 general types of, 3-91
phase cnaracteristic of, 3-41 reducing interference by packaging, 3-73
stripline. 3-102 output for transmitter interference suppres-

band rejection stripline, 3-102 sion, 3-297
bonding requirements for. 3-123 piezoelectric, characteristics of, 3-342
bulkhead, 3-4. 3-115 pi-section, 3-89

installation of, 3-4. 3-5 pi-type, formula for insertion loss of, 3-93
capacitance to ground of a, 3-96 power-line
capacitor selection and Installation, 3-123 attenuation vs frequency, 3-93, 3-94
case, typical method of mounting, 3-124 formula for attenuation of, 3-93
ceramic interference reduction of diode rectifier

application for microminiaturization, 3-310 circuits with, 3-75
ladder, characteristics of, 3-342 proper installation of, 3-118, 3-122

characteristics, 3-93 ratings. 3-93
coaxial harmonic, in output of high-power nameplate, 3-97

klystron amplifier, use of, 3-51 shielding effectiveness of, 3-115
composite switching interference reduction, single-circuit, 3-98. 3-99

3-195 stripline
considerations, 3-95 characteristic impedance of. 3-104
corrugated waveguide in a magnetron, 3-52 complex. 3-104
devices, reactive mode. 3-111 low-pass, 3-104, 3-105
dissipative, description of, 3-100 shorted shunt lines in, 3-102
double-pi, for reducing switching Inter- spurious responses in, 3-106

ference, 3-196 transverse slots in, 3-102
duty cycle, 3-95 T-;.ction, 3-104
effectiveness, 3-118 suppression effectiveness of, 3-94

poor rf ground bond on, 3-117 switching interference, in shielded en-
feedthrough bulkhead, mounting of, 3-123 closures, 3-195
ferrite, 3-ill transformer section, magnetron modified

tube. 3-100 with, 3-51
grounding of, 3-116 T-section, 3-89
harmonic, 3"-5 T-type, formula for Insertion loss of, 3-93
high-pass, 2-126, 349, 3-204., 3-247, 3-2S4 waffle-iron, 3-106

strlpline. 3-102 waveguide, for magnaetron, 3-53
honeycomb, 3-206 waveguide, 3-106
impedance to ground of, 3-116 corrugated, 3-108
improper Installation of, 3-118 high-pass, 3-106
insertion loss, 3-118 Interference suppression by, 3-297

formula for, 3--9 wide-band, reflective, 3-108
of magnetic core materials in a, 3-143 Filtering

installation, 3-115, 3-118, 3-120 Integral, within the vacuum envelope of
insulation resistance of, 3-97 microwave tubes, 3-52
L-C, 3-251 interference-producina unit, 2-3
life, minimum, 3-95
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Filtering of Fluorescent F
leads entering thyratron shielded compart- lamp

ment, 3-4 lighting fixtures, slimline, interf.
power Supply, 3-153, 3-156 from, 2-159
receiver, 3-203, 3-205 shielding of, 2-156
switching interference, 3-197 suppressor, 2-157

Fin, use of, for strip gaskets, 2-143 starter type, 2-158

Finger starterless, 2-158
bonds, phosphor-bronze, 2-30 Flux
gasket metal, 2-146 distribution, in alternators and synck

Fingers, serrated contacted, conductive jasket, ronous motors, 3-353
2-150, 2-152 paths in magnetic shields, effect of

Finish orientation on, 2-162
Dond-strap, 2-26 soldering, use of rosin as a, 2-85
conductive, for corrosion protection, 2-84 FM transmitter, formula for absolute g-

Iridite No. 14, for interference suppres- levels in sidebands of, 3-305
sion, 2-86 Foil

Fixed position joint, class B, 2-149 aluminum or copper
Fixtures, slimline, fluorescent lighting, as a ground plane, 3-209

interference from, 2-159 electrostatic shielding by, 2-2P9
Flange shield

choke, waveguide, modification of, 2-216 Co-Netic, 2-17, 2-172
joint Netic, 2-171, 2-172

flat, 2-135 Formed magnetic shields, 2-161
with groove gasket, 2-135 Formula for

shielding characteristics of, 2-136 absolute power levels in sidebands cL"
Flared split-sleeve, 2-30 fm transmitter, 3-305
Flares, solar, 1-24 addition of shot and thermal noise, z
Flat allowable magnetic field intensities,

eompressible gasket, 2-133
conducting gasket, 2-136 amplitude modulation splatter, 3-281
conductor flexible cable, 2-210 aperture
flange type Joint, 2-135 attenuation, 2-93

with groove gasket, 2-135 reflection loss, 2-93
gasket, Insulating, 2-133 attenuation, 2-95

Flexible in a length of waveguide, 3-108
bonding-strap, 2-31 of a power-line filter, 3-93
cable per unit length of a waveguide, 2-12

bonding of, 2-31 kessel coefficient of the first kind,
flat-conductor, 2-210 capacitance for a given insertion los!

conduit, 2-11 a given frequency, 3-138
bonding of, 2-3O charaicteristic

metal aplirture Impedance, 2-99
bond-strap, 2-22 impedance of a rectangular waveguli
conduit shield, 2-38 circular waveguide attenuator, 2-128

Flicker effect combination of interference signal anc
from oxide-coated cathodes, 3-17 local oscillator harronics, 2-
in vacuum tubes, 3-9 correction factor for

Flip-flop, miniaturized semiconductor. 3-336 aperture reflections, 2-94
Floating ground system, 2-6 closely spaced shallow holes, 2-101

coupling between closely spaced sha.
holes, 2-95

number of ooenings per unit square, -
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Formula for Formula for
correction factor for low-pass filter, 3-6

penetration of conductor at low frequen- maximum output voltage of a switched circul,
cies, 2-94 2-207

reflection calculations, 2-96 mean-squared
coupling capacitance of Faraday shield, 3-149 noise current fluctuations in temperature
current limited diodes, 3-9

in transmission line conductor, 2-82 thermal-noise current generated by triode
upon switch opening, 3-177 load resistor, 3-16

definition of amplitude modulation splatter, minimum noise figure in vacuum tubes, 3-19
3-281 noise -

emitter noise source in a transistor, 3-60 figure of
equivalent noise transistor, 3-60

producing resistance of a space-charge- vacuum tubes, 3-18
limited triode amplifier, 3-13 term in the collector circuit of a

resistance for a triode transistor, 3-61
amplifier, 3-13 optimum
mixer, 3-13 source impedance in vacuum tubes, 3-19

frequency of spurious and harmonic value of source generator resistance
emissions from a transmitter, 3-299 transistor, 3-63

grid noise voltage of a triode, 3-14 output voltage of a switched circuit, 2-207
harmonic output of transmitter, 3-300 power level ;n harmonics of a TWT, 3-46
image interference frequencies, 3-227 ratic of
impedance of a wave compared to a wave- conductor width to skin depth between holt

length, 2-95 for perforated sheets, 2-94
incident wave Impedance of intensity of reflected wave to transmitte!

high impedance electric fields, 2-46 wave, 2-101
low impedance magnetic field., 2-46 shield surface Impedance oetween rectan-

Inductance of a gular holes to characteristic impedanc
straight piece of copper wire, 3-125 of a rectangular waveguide, 2-99
torold, 3-145 receiver overload, 3-247

input Impedance of a waveguide, 2-100 rectangular weveguide attenuator, 2-125
insertion loss of a reflection

feed-through capacitor, 3-138 calculations, 2-95
filter, 3•94 lois of aluminum to a magnetic field, 2-51
L-type filter, 3-89 resonant frequency of a capacitor, 3-128
low-pass fIlter, 3-89 ms
pi-type filter, 3-93 grid noise voltage of a triode, 3-16
T-type filter, 3-93 output noise voltage of a triode, 3-16

interference level of value of an interfering signal In a

clipped sawtooth pulse, I-IS transistor, 3-68
common pulse shapes, 1-15, 1-18, 1-19 severely clipped sinusoidel tone, 3-305
cosine pulse, 1-15 shielding effectiveness of, 2-43, 2-93
cosine-squared pulse, I-IS co-axial cable, 2-83
critically damped exponential pulse, 1-15 metal shield, 2-92

geussian pulse, 1-15 solid copper shield, 2-83
rectanqular pulse, 1-9 shot
trapezoidal pulse, 1-10 effect In space-charge-limited diodes, 3-I(
triangular pulse, 1-15 noise in

Intermodulation products of a receiver, 3-218 space-charge-limited diodes with resls-
intrinsic Impedance of a metal shield, 2-99 tive load, 3-I1
lowest cutoff frequency of a temperature-limited diodes, 3-9

circular waveguide, 2-128 spurious
rectangular waveguide, 2-128 external cross-modulation Interference, 3-:
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Formula for Frequency
spurious response vs delay-per-unit length for a delay lir

frequencies, 3-243 TWT, 3-42, 3-43
due to receiver mixing, 3-233 Frictional static, 1-27

surface impedance between rectangular holes Fundamental emission frequency, transmittv

in a shield, 2-99 definition of, 3-278

thermal noise in Fuse holder openings, shielding of, 2-170
metallic resistor, 3-11
space-charge-limited diode with resistive

load, 3-11
total

energy coupled into a switched circuit,
2-207G

noise voltage at triode output, 3-14

reflection loss for
electric fields, 2-47
magnetic fields, 2-47
plane wave*, 2-47

shielding effectiveness, 2-39 Galactic interference, 1-23
transmitter point sources of, 1-25

coupling emission, 3-287 Galvanic
harmonic emission, 3-279 corrosion of bonds, 2-22, 2-26, 2-29
intermodulation product frequency, 3-284 couple, corrosion of, 2-86
spurious output, 3-309 lalvanized steel screens, shelding effec!

triode mean-squared plate fluctuation current hess of, 2-107, 2-111
in negative-grid triodes, 3-10 Gap, air, corona, 1-34

variation of magnetization, 3-145 Gas
voltage discha,2e lamps

across switch contacts with thermister shleldlnZ of, 2-156
protection, 3-57 suppressilov of, 2-157

upon switch opening, 3-177 filled diode tubas, switching interferen
Fourier analysis of a rectangular pulse, 1-9, rcontrol of, 3-189

I-IH tube interference, 3-158
Fractional-horsepower machines, Interfereroce Gaseous

suppression of. 3-343, 3-357 rectifier interference, 1-31
Free space regulator interference, 1-33

impedance of plane waves in, 2-45 Gasket
permeability of, 2-14 air or dust seal, 2-146
permittivity of, 2-45 application, 2-131, 2-133, 2-137
velocity of light !n, 2-45 Improper, 2-134 G

Frequencies comb inat ion

interference signal, 2-12 air-tight &Ad Interference-tight, 2-14L
klystron, spurious, 3-,31 for air pressure and rfl seal, 2-132 G

Frequency compressibility versus sealability, 2-14 I
atmospheric Interference, 1-21 coný,sctlve, 2-22, 2-136, 2-150
converter, spurious response of, 3-214 AEEL, 2-150, 2-151
ground potential, 2-15 Armour fteec.vc-', 2-150 ff.
multiplication in transmitter, 3-296 beryllium copper, 2-151
range of a bond, 2-29 chassis bonding, 2-221
spectrum of slgnals generated by flat, 2-136

klystron transmitter system, 3-37 knitted wire mesh, 2-131 ff., 2-146 ff.
magnetron vscillater, 3-30 G"

spread of a channel, 3-224
transistor noise figure, as a function of, Go

3-62 Go

versus, 3-63
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Gasket Glow discharge, switch gap, 3-159
conductive Gold, useof, for bonds, 2-27, 2-28

metal Gradient, critical, of air gap, 1-34
finger, 2-146 Grease protection of bonds, 2-26, 2-29 ff.
over rubber, 2-152 Grid

metallic textile, 2-131 noise voltage
plastic, 2-1146 formula for triode, 3-14
pressurized, 2-145 rms. of a tricyct, formula for, 3-16
rain-tight, 2-145 pulse modulation, magnotron,3-31
resilient metal, 2-136, 2-140 Groove gasket

insertion loss, 2-140; applications, 2-137
measurement of, 2-148 compressible, 2-133
vs pressure for, 2-147 flat-flange joint with, 2-135

rf insulating, 2-133
for receiver housing, 3-206 G-ound
mechanical suitability of, 2-154 bus, 2-6, 2-11

rubber, 2-152 arrangement, single-point, 2-12
silicone, 2-151 multiended, 2-16

screen impregnated with neoprene, 2-151 series connections in a, 2-16
selection, 2-151 capacitance to, 2-209
serrated contacted fingers, 2-152 circuitry in SCR operation, 3-82
shielding effectiveness of, 2-146 circuits, multiple, forrf applic-ions, 2.-I$
simulated joint, 2-142 connection, 2-8, 2-10 ff.
soft metal, 2-151 impedance of, 2-8
soldered, 2-,41 current, 2-13 ff.
typical problem, 2-143 jumper, 2-8, 2-27
woven loop, lateral, 2-16

mesh lug connection, 2-9
aluminum, 2-151 noise, equivalent circuit of, 2-18
metallic, 3-206 path, 2-16

metal-neoprene, 2-146 pin, 2-8
flat compressible, 2-133 plane, 2-5 ff., 2-14, 2-15, 2-212
groove, 2-137 aluminum or copper foil as, 2-209

comprtssible, 2-133 coupling, 2-188
flat-tlange type joint with, 2-135 for ground return lead, 2-78
Insulating, 2-133 plate, 2-11

insulating flat, 2-133 point, 2-8, 2-11, 2-15
materiaol, 2-155, 2-156 potential, 2-11, 2-15
mounting methods, t-138 Isolation transformer for minimizing, 2-17
strin, 2-143 power, 2-15

Gate circuits, SCR, negative transients In,3-86 reference point, 2-6
Gaussian pulse, formula for Interference level resistance, 2-6

of, 1-15 return
Gear static, 1-29 commo, 2-14
Generation of mutual Impedance of a, 2-202

Interference lead, use of ground plane for, 2-78
broadband, I-5, 1-9 paths, 2-14, 2-15
narrowband, 1-20 common, Interference due to, 3-80
natural, 1-41 signal, 2-15

Interfering signals, 2-14 stakes, 2-6
Intermodulatlon products, 3-218 system, 2-6, 2-7
splatter In klystron tubes, 3-51 multipoint, 2-6, 2-12, 2-13, 2-187

Generator, Interference suppression of,3-343 ff., singlv-plnt, 2-6, 2-12 ff., 2-182, 2-212
3-349 ff. for audio amplifiers, 2-188

Geometric configuration of corona air gap,1-34 wire, 2-9
Geometry, air gap, relationship to corona

voltage, 1-39
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Grounding, 2-5, 2-6 High
cable, 2-12 frequency shleiding effectiveness ot screet

shield, 2-186 !,'cr,*ils, 2-98
circuit, 2-14 level circuitry, location of, 2-222
connector, 2-188 pass filcer, 2-128, 3-4S, 3-zO4, 3-:47, 3,
for maximum interference reduction, 2-10 striplins, 3-102
methods, 2-5, 2-10 waugulde, 3- IC6
of Q t,:ned circuits, 3-224

electronic circuits, 2-5 vo Itag,.
filters, 3-116 power supply fvr thyrmtrons, interferenc.
receiver shields, 3-209 from, 3-4
shield housing, 3-211 rf recLiifI.rs, shieldinq of, 3-153

printed-circuit boards, 2-13 Hi-M. 80 shields, 2-1b0
radials, 2-6 Hinges, bondirm. of, 2-31, 2-3S, 2-37
shield, multipoint, 2-13 ,ýoles

Guard-shield, transformer, use of, 3-150, 3-151 leakaqe of electromagnetic energy thrnss-
Guy-wires, interference suppression of, 3-301 shallow, correction factor for closely sp -

SH Hoil,;w-pipe vaveguides, 3-107
Homodyne detector, Interference in, 3-246
rioneycomb

Halo for shield grounding, 2-185, 2-188, 2-193 and perforated metal, air impedanct oo 2-
2-196, 2-197 screens, attenuation vs frequency, ;

Harmonic fi I ter!, 3-208
emission from transmitters, 3-279 shells, 2-124.

formula for, 3-279 tibe ducts .,s "aveguides 'helow cuturnf, 2-
frequency of, 3-299 type vent!!atiin panel-, 2- 102,2-103,2-|Ht

suppression of, 3-298 Hookvp wire, shielded, ab a iossy transmiss.
filter line, 2-192

coaxial, in output of high-power klystron Housings, shleld:ng of, 3-206, ý-255, 3-3 ,
amplifier, 3-51 Hum, noise from, in a pentode, 3-17

transformer sectliro for magnetron, 3-54 Hypernick, absorption loss of, 2-48
transmitter, 3-297 Hypernom shields, 2-163

frequency generation in
klystron, 3-31
TWT, 3-46

oscillations in magnetrons, 3-23, 3-54.
output of IF

klystron transmitter, 3-36 amplifier, miniaturized, 3-337
transmitter, formula for, 3-300 decoupling, typical. 3-258

Harmonics Interferen:. In a receiver, 3-228
in alternators and synchronous motors, 3-351 module construction, miniaturized, 3-339

a TVT, formula for power level of, 3-106 reJection,
level of, for tank circuits, 3-292 Interference due to poor, 3-248
oscillator shielding for, 3-248

decoupling of, 3-226 response of
Interference due to. 3-232 converter, 3-229
shielding of, 3-226 receiver, 3-202

urintentional source of narrowband Inter- signal, receIver, 3-227
ference generation, 1-t0 suppression of

Harnesses, shielded cables in, 2-18S conduction In, 3-155
Heat radiation from, 3-255

dissipation of shields, 2-38 strip module construction, miniaturized,3-
rise of Inductance coils, 3-1I1. Image
treatment of magnetic shields, 2-161 Interference frequencies, formula for, 3-;

Hellax coaxial cable, 2-!77, 2-179 rejection ratio of a receiver, 3-227
Heterodyne Interference in receivers, 3-248

5-22



INDEX

Image Incident
response wave Impedance of

interference, 3-227 high impedance electric fields, formula
of receivers, 3-202 for, 2-46

Impedance low impedance magnetic fields, formula
ac, of a bond, 2-19 for, 2-46
cir, of Incremental permeability

copper and nickel mesh, 2-102 as a function of magnetic field Intensity,
perforated metal and honeycomb, 2-102 3-147

aperture, characteristic, 2-93 ff. variation of, with magnetization for
boiid strap, 2-21, 2-25 different materials, 3-1415
")ond;ng, maximum allowable, 2-21 Indirect
capacitor, 3-i28 bonding conductors, 2-37
characteristic bonds, 2-22, 2-29

ape,-ture, formula for, 2-99 Individual ground paths, 2-16
cable, 2-,76, 2-186 Individually shielded cable, double conductor,
rectangular waveguide, formula ,or, 2-95 2-177
strip!ine filter, 3-104 Inductance

common, cabling elements, 2-212 bond, 2-20, 2-29
detector, infinite, use of, 3-272 coil
ground connection, 2-8 coupling within the inductive field of,3- -1
inp'ut, of a wzveguide, formula for, 2-100 equivalent
intrinsic, of metal shields, 2-41, 2-44,2-99 circuit of, 3-141, 3-143
Inad, 2-203 distributed capacity of, 3-141, 3-143
low field losses of, 3-141

ground connecticn, 2-8 heat rise of, 3-141
magnetic field, 2-46 permeability of, 3-141

matching networkL, stripline, 3-106 Q of, 3-141
measurements of bonds, 2-20 resistance of, 3-141
mutual saturation of, 3-141

common ground return, 2-202 lead
coupling, 1-48, 2-202 effect on calacitor values, 3-125

nut, of series resonant circuit, 3-123 of a capacitor, 3-123
of mutual, 2-204

incident wave, ratio of aperture character- between
istic impedance to, 2-93 circuits, 2-203

plane wave in free space, 2-45 conductors, 2-199
wavecompared to a msvelength, formula for, magnetic coupling through, 2-213

2-95 of
optimum source, in vacuum tubes, 3-19 inductors, 3-141
rf bond, 2-20, 2-21 strhight place of copper wire, fomula for,
source, 2-203 3-125
stabilization network, definition of, 1-4 torold, for.,,jla for, 3-145
to ground of a filter, 3-116 various lengths of wire, 3-125
variation Interference, 1-43 vs. length of straiqht round wires, 3-126
-vs.-frequency of Induction

bypass capacitor, 3-123 field, at a shield, 1-47,2-39
TmT, 3-42 motor, suppression of starting device of,3-357

delay line, 3-45 Inductive .
wave, 2-46, 2-101 coupling, 1-49

Impulse between two wires, 2-199
interference, 2-200 floid of coils, coupling in, 3-141

broadband, 1-6 Inductors, 3-89
noise, definition of, 1-4 as switching interference suppressors, 3-163

Incident for interference reduction, use of, 3-140
power at a shield: 2-39 Inductance of, 3-141
wave Impedance, 2-44 miniature, 3-330
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Infinite Impedance detector, use of 3-272 Intensity
Inherent at a shield, field, 2-39

interference, 1-41 electric field, 2-45
tube noise, 3-8 magnetic field, 2-45

Input formula for, 2-82
impedance of a waveguide, formula for, 2-100 incremental permeability as a functlor
transformer

chopper modulated displays, video overload In,
Faraday box-shield for, 3-152 reflected wave to transmitted wave, rat
shielding techniques for, 3-i46

low-level Interaction between SCR systems, 3-84
Faraday box-shield for, 3-152 Intercable ciosstalk, 2-176
shleldinq techniques for, 3-146 laterchangeabit joint, class C, 2-149

Insertion loss Intercircuit coupling, 2-15
at a iven frequency, formula for capaci- Interconnecting cabling interference, 2-t.

tance of, 3-138 Interference, 1-4, 1-42, 2-4
capacitor adjacent channel, 3-245

feed-through, 135 ff. am detector, 3-245
lead-type, 3-135 ambient, definition of, 1-3

characteristics of lossy ferrite tube amplistat, 3-190
filter, 3-101 analysis

considerations of desi-,i plan for I, Jio Set breadboard stage, 2-3

AN/GRC- ( ), 1-58 conducted, 1-55
definition of, 1-4 radiated, 1-54
effectiv'-r.ess of a copacitor, 3-128 atmospheric, 1-6, 1-21
filter, 3-93, 3-118 backward-wave tubes, 3-47

formula for, 3-94 balanced linear discriminator, 3-246
L..type, 3-89 broadband, 1-6
low-pass, 3-89 by solid-state power supplies, 3-20
pi-type, 3-93 corona, 1-34
T-type, 3-93 definition of, 1-3

magnetic core materials in filters, 3-143 commutator, 1-44
resilient metal gasket, 2-14C components, 2-4, 3-3

measurement of, 2-148 computer-circuit, permissible level of,
shielding materials, 2-43 conducted, 1-46, 1-47, 2-213
tests of shields, 2-96 from slimline fluorescent lighting fl)
versus

frequency of lossy ferrite tube trens- in SCRIs, 3-82
mission line filter, 3-100 conduction, 1-46

pressure for resilient metal gasket, 2-147 transmitter, 3-28P
Inspection-band, Interference from, 3-350 control, 1-3, 2-3, 2-19, (see also inter
Instability of transistorized receivers, 3-202 ference reduction and interferer
Insulating suppression)

gaskets, 2-133 corona, 1-34
shields for corona, 1-39 cosmic, 1-23

insulation coupling, 2-4, 2-203
leakage, Interference from, 3-350 by conduction, 1-47, 1-48
resistance of a filter, 3-97 mutual, of power Supplies, 3o!54

integral suppression, definition of, 1-4 cross-modulation, in receiver, 3-293, 3-
Integrator-discriminator for Interference crosstalk, 2-200

suppression, 3-265 current regulator, 1-34
Integrity, shielding, 2-3 currents In shielded rf cable, 2-191

of dc transformer, 3-69
bonds, 2-37 desensitization, 3-246
connectors, 2-186 diode, 3-69
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Interference Interference
discharge tVbe. 1-30 leakage reduction, 2-133
emission level for

effect of clipped sawtooth pulse, formula for, 1-15
brush common pulse shapes, formula for,l-15.1-18,

current density, 3-343 1-19
pressure on, 3-343 cosine pulse, formula for, 1-15
resistivity on, 3-344 cosine-squared pulse, formula for, 1-15

commutator current density on, 3-343 critically damped exponenwal pulse, formula
copper-oxide film on, 3-348 for, 1-15
oxice film on, 3-343 gaussian pulse, formula for, 1-15
slip ring currert density on, 3-343 rectangular pulse, I , 1-13, 1-15

receiver, 3-251 ff. sun, 1-24
energy trapezoidal pulse, 1-14 ff.

fields, 2-38 formula for, 1-10
rectification of, 2-198 triangular pulse, formula for, 1-15

engineering, 1-3 limiter, 3-272
field, shielding of, 2-77 local oscillator, 3-256
from magnetic amplifier, 3-190

air gap and permeability inequalities,3-350 regulator, 1-33
brushes of alternators and synchronous magnetron, 3-23, 3-31

motors, 3-351 man-made, 1-26, 1-41
combinations of armature segments per pole, mechanical motion, 1-44

3-350 mercury vapor rectifier, 1-31
coraion ground return paths, 3-80 mlcrowave tube, 3-23
ch carrier, 3-269 minimum, seam design for, 2-90
high-voltage power suppiv for thyratrons, modulation splatter

3-4 audio processing of, 3-304
inspection-band of eldctrical machines, limiting of, 3-304

3-350 non-linear mixing, 3-243, 3-244
rotor eccentricities, 3-350 narrowband, 1-6
slip-ring friction in ac motors, 2-213 conductive, 1-69
spike on grid lead of thyratron, 3-6 definition of, 1-4
spurious resonances, 3-231 radiated, 1-67
stray electric fields, 3-350 scurce of, 3-223
thermostatically-controlled oscillator electrical machinery as, 1-26

crystal oven , 3-259 natural, 1-21, 1-41
transmitter angular modulation splatter, patterns, "running-rabbit", 3-260

3-280 perfect envelope detector, 3-245
trigger voltaqe lead to thyratrons, 3-6 power for various sources, 1-22
vhf and uhf vacuum tubes, 3-8 power supply, 3-153, 3-158

galactic, 1-23 prevention of, 2-19
point sources of, 1-25 problems In project "Lightening", 3-80

gas-tube, 3-158 producing unit,
gaseous regulator, 1-33 bonding of, 2-3
gaseous-type rectifier, 1-31 filtering of, 2-3
heterodyne, in receivers, 3-21.8 Isolation of, 2-3
homodyne detector, 3-246 shielding of, 2-3
image-frequency in receiver, 3-228 product detector, 3-245
Image response, 3-227 propagation, 2-38
impedance variation, 1-43 from receivers, 3-249, 3-250
impulse-typeo, 2-200 radar pulse, suppression of, 3-260
Inherent, 1-41 radiation, 1-46, 1-47, 2-213
Insulation leakage, 3-350 cable, 2-176
interconnecting cabling, 2-176 local oscillator, 3-250
intermodulation, 3-216, 3-219, 3-278 slimline fluorescent lighting fixtures,2-159
inverter, 3-69 transmitter, 3-288
klystron, 3-23, 3-31 radio, extraterrestrial, 1-25
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Interference Interference
random broadband, 1-6 slip ring, 1-44
receiver, 3-198 ff. solar, l-k3
rectifier, 1-30, 3-69, 3-158 specification requirements, 2-38
reduction (see also suppression) 2-3, 3-3 splatter, 3-280

of spurious transmitter, 3-278
arc interference. 3-55, 3-56 square law. detector, 3-245
bridging interference, 3-160 superheterodyne mixer, 3-215
diode rectifier circuits, 3-74, 3-75 suppression (see also reduction), 2-5
dynamotors, 3-360 by use of
klystrons, 3-37 an tenrna
power supplies, 3-257 pattern design, 3-314
receivers, 3-199, 3-203 side-lobe reduction, 3-315
relays, 3-257 auxiliary-channel technique, 3-3lr
rotating machinery, 3-361 by-pass capacitor. 3-117, 3-348, !
sawteeth interference, 3-160 channel-width considerations, 3-25;
SCR circuitry, 3-82, 3-85 commutator plating, 3-345
switch circuitry, 3-159, 3-171 compensating windings, 3-345
switching circuits componeni s,'lection, 3-294

by use of delay linets, 3-265
bias batteries, 3-179 ff. d!odes, 3-73
capacitors, 3-16P double-threshold method of detectik
coupled coils, j-176 double-tuned tank circuit, 3-291

with diode, 3-178 dual antenna systems, 3-315
diodes and varistors,3-166,3-169,3-171 grounding, 2-I0
double-pi filters, 3-196 harmonic-suppression filters, 3-291
inductors, 3-163 increased armature coils and comMlLt.
load-shunt diodes, 3-162 bars, 3-345
resistors, 3-164 inductors, 3-140
series capacitor and non-linear re- instantaneous automatic gain contro

sistance, 3-173 integrator-discriminator, 3-265
switch-shunt diodes, 3-168 interpoles, 3-345
transistorized control circuilts,3-191 interstage decoupling, 3-257

3-192 Irid;te No. 14 finish, 2-86
two diodes, 3-168 laminated brushes, 3-345, 3-347

thyratrons, 3-6 1 .iters, 3-277
transmitters, 3-288 bo%.-resistance brushes, 3-344
vacuum tubes, 3-19, 3-22 matched antennas, 3-316

requlator, 1-11 mixers, 3-290
responses of receivers, spurious, 3-225 output filters, 3-297
rf condwucted, In K test plan, 1-91 over-all generator shielding, 3-349
shields, metel-to-metal contact techniques p1-section tank circuits, 3-291

of cover and case for, 2-153 prf discriminator circuits, 3-262
side-band pulse delay method, 3-260

distortion, 3-281 pulse-width discrimination, 3-265
splatter, 3-278 r idom prf emission, 3-264

signal signal integration, 3-309
and local oscillator hermonics, formula slowed-down video, 3-262

for combination of, 2-321 supersonic delay lines, 3-262
frequencies, 2-12 synchronous detectors, 3-245

signals system nodesin a computer, 3-319
due to common- impedance cabling elements, video integrPtion, 3-262

2-212 waveguide filters, 3-297
in stranded bond straps, 2-24 of

silicon-controlld rectifier, 1-31, 3-81 alternators, 3-343, 3-351
silicon diode, 3-69 antenna system, 3-312, 3-314
simple discriminator, 3-246 bearings, 3-350
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Interference Interference
suppression voltags, 2-204

of regulator, 1-34
brushes, 3-343 variation, 1-43
computers, 3-317 Zener diodp. 1-31, 1-33
dc motors and generators, 3-344, 3-351 interfering
dynamotors, 3-358 components, 2-4
electrical machinery, 3-343 signals, 2-14, 2-203
fractional-horsepower machines, 3-343 Interlacing
generators for electric arc-welding straps for cable shields, 2-193

equipment, 3-358 technique, 2-198
guy-wires, 3-301 Intermediate frequency radiation from receivers,
large motors and generators, 3-343 3-202
motor generators, 3-358 Intermittent contact in stranded bonds, 2-24
portable fractional horsepower Intermodulation, 3-216

machines, 3-357 audio transmitter, 3-283
power supplies, 3-155 broadband, tests for EMIC test plan, 1-96
rotary inverters, 3-358, 3-359 cause of, 3-221
SCRIs, 3-83 characteristics, effect of operating bias
side or bacK-lobe emission, 3-315 on, 3-219
special-purpose rotating machines, emission, transmitter, definition of, 3-282

3-343,3-358 interference, 3-216, 3-219
starting device of single-phase induc- transmitter, 3-278, 3-282t 3-283

tion motors, 3-357 narrowband, tests for ENC test plan. 1-96
tooth ripples in alternators, 3-355 product frequency, transmitter, formula for,
transmitters, 3-288 3-284
universal motors, 3-357 products

switching (see also switching Interference) generatlor of, 3-218
1-29, 1-44, 3-161 receiver, formula for, 3-218

test, I-4 receiver, 3-23, 3-202
point, 3-112 reduction of, 3-219, 3-308
radiated, of an enclosure, 2-92 rejection

tests for 6.14 triodes, 3-220
conducted, 1-4 receiver, 3-219. 3-231
definition of, 1-4 third-order, versub bias and gain, 3-219
radiated, 1-4 Interpoles for Interference suppression, 3-345

of EMC test plan, 1-92 Interstage
susceptibility, 1-4 coupling, 2-15

thermal agitation, I-b de.oupIIng, Interference suppression by,3-257
thyratron, 1-30, 3-3 Intertle system, zero-impedonce body, 2-5
eight and air-tight combination gasket, Introcable crosstalk, 2-176

2-144 Intrinsic Impedance of metal shield, 2-41,2-44
TR-ATR tube, 3-47 formula for, 2-99
transfer media, general, 1-Li6 Inverters
transferred Into a ceble from external Interference in, 3-69

fields, 2-176 location of, 2-222
transistor circuits 3-65 rotary, Interference suppression of,3-358,
transmitter 3-359

coupling emission, 3-2186 Ionization
definition of, 3-278 collision, In a pentode, noise from, 3-17

intermodulation, 3-282 vacuum tube, 3-9
modulation sideband splatter, 3-293 Ionosphere, 1-21, 1-23
noise emission, definition of, 3-281 IridIte, 2-86, 3-116, 3-208
shock-excitation emission, 3-286 Iron

tunnel diode, 1-32 absorption loss of, 2-51, 2-58
. vacuum tube, 3-69 penetration lobs of, 2-75

varactor, 1-33 reflection loss of, 2-51
"shielding effectiveness of, 2-58
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Isolation Klystron
elements, use of, 2-212 spacing of harmonic bean bunches in, 3-32
of splatter generation, 3-•1

interference-producing unit, 2-3 transmitter output freqency spectrum, 3-.•
Internal wiring of receivers, 3-203 velocity modulation in, 3-32
power supplies, 3-157 Knitted gasket
signal circuits and pulse leads, 2-215 metal mesh, 2-102

suppression of spurious responses by,3-245 hire
transformer, 2-15 compressed, 2-150

Faraday box-shield for, 3-152 conductive, 2-131, 2-151. 2-155
shielding techniques for, 3-148
technique for minimizing ground potential,

2-17

J Ladder filters, ceramic, 3-342
Laminated

brushes
Joint, 2-149 commutation of armature coil by, 3-34b

bond for interference suppression. 3-345, 3-
conductive epoxys for, 2-174 shielding, effectiveness of, 2-164
mating surfaces of, 2-36 Lamp
metal-to-metal, 2-22 carbon arc
rotating, 2-30 shielding of, 2-156

fixed position, class B, 2-1.49 suppression of, 2-157
flange type, shielding characteristics of, fluorescent

2-136 suppression of, 2-157
flat-flange type, 2-135 suppressor, 2-158
interchangeable, class C, 2-149 gas discharge
magnetic shield, 2-162 shielding of, 2-156

effect of orientation on flux paths In, suppression of, 2-157
2-162 indicator, openings, shielding of, 2-17C

permanently closed, class A, 2-149, 2-152 neon, shielding of, 2-156
shield, 2-131 ultraviolet, shielding of. 2-156
simulated, gaskets in, 2-142 Lateral ground loops, 2-16

Jumper L-C filters, 3-254
bond, 2-19 ff., 2-26 Lead

aluminum, 2-28 inductance,
copper, 2-26 capacitor, 3-123

ground, 2-8, 2-27 effect on capacitor values, 3-125
length, resonant frequency as a function

disk ceramic capacitors, 3-133

K mica capacitors, 3-132
paper tubular capacitors, 3-131

Klystron, 3-31 standoff type ceramic capacitors, 3-13i
mpl ifier type capacitors, 3-128
high-power, coaxialharmonic filter In insertion loss of, 3-135

output of, 3-51 use of for bonds, 2-27, 2-28
test of, 3-36 Leads, entering thyratron shielded compart

frequencies, spurious, 3-34, 3-51 filtering of, 3-4
harmonic generation In a, 3-31, 3-36 Leakage
interferemce, 3-23, 3-31 between primary and secondary in box-shi

reduction, 3-37 transformer, 3-150
oscillator susceptibility to Interference, capacitance of a Faraday shield; 3-149

3-32 Insulation, interference from, 3-350
second harmonic Interference, reduction of, 2-133

investigatlo.o, 3-40 of electromagnetic energy through holes,
total peak power output, 3-39
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Length-to-width ratio of bond straps,2-24,2-37 Loss
Level, magnetic field, inside a shield, 2-82 absorption
Levels, porm;ssible, of Interference of re- calculations, 2-48

ceivers, 3-203 shield, 2-39, 2-44, 2-75, 2-78
Life, filter, minimum, 3-95 copper and iron, 2-51, 2-58, 2-73, 2-83
Light in free space, velocity of, 2-45 steel, 2-73
"Lightening", pr ject, interference problems Hypernick, 2-48

in, 3-80 metal, 2-48, 2-49
Lighting fixtures, fluorescent, slimline, at 150 kc, 2-50

interference from, 2-159 Mu-metal for low freqLfTcy, 2-77
Lights, fluorescent, shielding of, 2-156 non-magnetic, 2-78
LimitLer field, of inductance coils, 3-141

for pulse interference supprnssion, 3-2, Insertion, 1-4
3-273 ff. resilient metal gasket, 2-146 ff.

interference from, 3-272 sthield material, 2-43
Line filter, low-pass, power-frequency, penetration

specification of, 3-96 iron, 2-75
Linear magnetic field, 2-75

discriminator, balanced, interference in, non-magnetic materials, 2-78
3-246 steel and copper shields, 2-72

mixing, definition of, 3-243 reflection, 2-75
taper matching of strip lines, 3-107 S-factor of, 2-44

Load calculations, 2-1.8
impedance. 2-203 copper and iron, 2-51
shunt diode, dc switching interference electric field, 2-48 ff., 2-59, 2-75, 2-78

reduction by, 3-162 good conductors, 2-77
Loading of striplines, 3-102 magnetic field, 2-48, 2-54, 2-59, 2-75
Local oscillator aluminum, formula for, 2-51

emission from receiver, suppression of, mush shield, 2-103
3-255, 3-256 plane wave field, 2-51, 2-55

modulation index, 3-34 radiated power, 2-39
radiation solid copper shield, 2-83

antenna, 3-254 total, shield, solid, 2-46
interference, 3-250 copper, 2-71
receiver, 3-202 steel, 2-70

shielding against, 2-142 wavegulde below cutoff, 2-41
signal, attenuation of. 3-254. Lossless filters, deficiency of, 3-100

Location for Interference reduction, 2-221 Lossy
auxiliary power units, 2-122 ferrite tube
bonding connections, 2-37 filter insertion loss charecteristics,3-aOl
communications transmission line filter, insertion loss

receivers, 2-222 vs. frequency curve, 3-100
transmitters, 2-222 transmission line

dynamotors, 2-222 filter, 3-9"
electric motors, 2-222 shielded hookup wire as, 2-192
external antennas, 2-222 Low
high-level circuitry, 2-222 frequency
inverters, 2-222 bonding effectiveness, 2-19
low-level circuitry, 2-222 corrections for screen-type shields, 2-90
motor-alternators, 2-222 shields, Mu-metal, 2-71
power supplies, 3-155 strong fields, multiple magnetic
radar - shielding for, 2-77

modulators, 2-222 impedance
transmitters, 2-222 bond connection, 2-37

thyratrons, 3-8 groune1 connection, 2-8
Lockwashers, tooth-type, for bonds, 2-22, 2-29 magnetic field, 2-46
Loops, lateral ground, 2-16
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Low Magnetic
impedance field
path, 2-19 intensity, 2-45

level allowaole, formula for, 241, 2-82
circuitry, location of, 2-222 at a shield, 2-39
Input transformer, Faraday box-shield for, incremental permeability, function of3-152 level inside a shield, 2-82noise receivers, use of, 1-25 low impedance, 2-46

pass minimum shielding effectiveness of

filter, 3-89,3-92,3-136,3-203,3-226,3-252, copper and bronze screening, 2-121
3-293 steel screening, 2-122

for suppression of spurious responses, penetration loss for, 2-75
3-245 reflection loss

formula for, 3-6 in, 2-51, 2-54, 2-75
insertion aoss of, 3-89 to, 2-59, 2-78

power-frequency specification of, 3-96 shielding
to eliminate voltage spikes on thyratron, against, 2-164, 2-202

3-7 effectiveness, 2-51, 2-56, 2-57
strIpline filter, 3-102, 3-104, 3-105 of screens, 2-116

resistance brushes for Interference suppress- permeability, relative, 2-44
ion, 3-344 shield

shielding *ffectiveneoi of szreening construction of, 2-162
materials, 2-;.14 drawn, 2-161

temperature black jacket cable, 2-178 economies, 2-163
L-section filter, 3-89 fabrication of, 2-161
L-type filter, formula for insertion loss of, formed, 2-161

3-89 heat treatment of, 2-161
Lug, ground, connection, 2-9 joint orientation effect on flux paths
Lumped-constant band-pass filter, phase 2-1

characteristic of, 3-44 joints in a, 2-162
material, 2-160
spot welding of, 2-161

M shielding, 2-160
direct-view strorage tubes, 2-165

Machinery, electrical Interference, 1-26 multiple, for low-frequency strong fiel(
suppression of, 3-343 2"7

machines Magnetization variation, formula for, 3-145
fractional-horsepower, Interferenme suppress- Magnetron

Ion of, 3-343, 3-357 corrugated waveguide filter for, 3-52
special-purpose, Interference suppression of, electric field intensity variation, 3-24

3-358 electromegnetically coupled cavities in,3-
Magnesium evolution of equivalent circuit for, 3-26

for bonds, 2-27 extraneous modes of oscillation of, 1-20
washer for bonds, 2-26 harmonic

filter, summary of results on, 3-54
Magnetic oscillations in, 3-23

ampl I fler Interference
control of switching Interference, 3-189 from modulation of, 3-31
Interference, 3-190 in, 3-23
regulator interference, 1-33 measurements of loaded Q vs frequency, 3-!

core materials in filters, Insertion loss of, minimizing spurlows frequency generation i
3-143 3-51

coupling, 2-204, 2-205 modified with harmonic fi;ter transformer
reduction, twisted pair, 2-205 section, 3-54
through mutual Inductance, 2-203 moding oscillations In, 3-25

field, 2-47, 2-48 modulation, grid-pulse, 3-31
absorption loss of shields in a, 2-78 oscillations
B-factor for, 2-60 harmonic, 3-54
component, 2-45
copper braid shielding for, 2-205
coupling, 2-19"
crosutalk induced by, 2-199
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Magnetron
oscil lations Mesh

moding, 3-54 woven
spurious frequency, 3-514, 3-279 aluminum, conductive gaskets, 2-151

oscillator, frequency spectrum ef signals metal, 2-102
generated by, 3-30 metal

pulsing of. 3-27 armor cable, 2-180
spurious oscil!ations in, 3-25 attenuation constant of, 2-45
strapping of, 3-25, 3-28 bond straps, Flexible, 2-22
voltage vs current, 3-29 conduit, use of, 2-214
waffle-iron waveguide filter for, 3-53 connections for bonds, 2-28

Man-made finger gasket, 2-146
interference, 1-41 over rubber conductive gasket, 2-150, 2-p,

sources, 1-26, 1-27 shield
Masking type of adjacent channel response,3-246 intrins;- impedance of, 2-44
Mating surfaces of bond joints, 2-36 perforated, shielding effectiveness of,.
Mean-squared noise current fluctuations in solid, 2-38

temperature-limited diodes, formula shielding effectiveness, 2-4O
for, 3-9 -to-metal

Mechanical bond joints, 2-22
bonds, 2-26 contact,
Design bond, 2-36, 3-23

for Electronics Production, by John M. for interference shields, 2-153
Carrol, McGraw-Hill, 1956, 1-52 metallic

plan for Radio Set AN/GRC-( ), 1-52 conduit, solid, cables routed through, 2-iC
motion interference, 1--3 gaskets, resilient, 2-140

Mercury vapor rectifier interference, 1-31 resistor, formula for thermal noise of,
Mesh textile gasket, 2-131

copper woven, mesh gasket, 3-206
and nickel, air Impedance of, 2-102 metals
screening, 2-124 dissimilar, In bonds, 2-22

shielding effectiveness of, 2-108, 2-109, soft, gasket, characteristics. 2-150
2-110 Mater shielding .and Isolation, 2-166, 2-168

galvanized steel screening, shielding Mica capacitors, resonant frequency as a
effectiveness of, 2-11 function of lead length, 3-132

gasketr 2-132, w-1ih6 Microminiaturization, 3-327
seam treatment with, 2-132 ceramic-filter application for, 3-3140woven metallic, for rf bonding of receiver semiconductor resistors, 3-329

housing, 3-206 subassembly modules, shield planes for, 3-"
knitted metal, 2-102 Mlcromodule system, 3-331

wire, conductive gasket, 2-131, 2-151 Microphonics, noise from, in a pentode, 3-17
.materials as rf screening agents, 2-116 microwave
screen and optical properties of semitransparent

effective shielding of, 2-104 shielding materials, 2-167
filter, 3-208 filters
shield, 2-38 and matching networks, 3-102

shield wavegulde, and coaxial, 3-102
attenuation of electromagnetic wave by,2-103 transmittance of semitransparent shielding
construction, 2-104 materials, 2-167
reflection loss of, 2-103 tubes

wire and aperture sizes for screening Integral filtering within vacuum envelops
ýaterlals, 2-112, 2-113 of, 3-52

Interference In, 3-23
Milky wda interference, 1-23
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Miniature Inductors, 3-330 Modulation
Miniaturized cross (see cross modulation)

bulk-type resistor, 3-328 Index, Bessel function for, 3-35
circuit formulation, 3-331 Interference, receiver, 3-294
circuitry, 3-337 limiting of modulation splatter interferer
components, 3-327 3"
diffused-layer silicon resistor, 3-328 magnetron, interference from, 3-31
discrete-component circuits, 3-331 nonlinear, source of narrowoend intetterei
if

amplifier, 3-337 splatter
module constrL.tion, 3-338, 3-339 amplitude, 3-281

modules, shield planes In, 3-340 interference, 3-293
multilayer thin-film circuit, 3-331 suppression of, 3-304
p-n junct!on capacitor, 3-328 velocity, klystron, 3-32
RC networ!,, 3-330 Modulator, radar, location of, 2-222
semiconductor solid-state Module

circuit, 3-331, 3-332 if, construction, miniaturized, 3-338,3-3'
flip-flop, 3-336 miniaturized, shield planes in, 3-340
NOR circuit, 3-332, 3-334 hoisture in bonds, 2-29

thin-film Molypermalloys, use of, 3-146
capacitor, 3-328 Monel, comparison of, with silver-plated *,-

deposited resistor, 3-328 and aluminum for knitted wire car.
Minimujm ductive gaskets, 2-155

filter life, 3-95 Monkey chatter type of adjacent channel
interference, seam design for, 2-90 response, 3-246
noise figure in vacuum tubes, 3-19, 3-20 Motor
number of twists/foot for w're routing and ac, interference elue to slip-ring frict,.-

distribution systems, 2-206 In, 2-213
shielding effectiveness, 2-97 alternators, location of, 2-222

copper and bronze screening in magnetic dc,
field, 2-121 capacitors for interference suppression

steel screening in magnetic field, 2-122 3-35,
Mixer !nterferenco suppression of, 3-344

balanced, for suppression of spurious electric, location of, 2-222
responses, 3-21.5 generator, interference suppression of,3--

for transmitter interference suppression, large, interference suppression of, 3-343
3-290 load, separation of, from signal load, 2-1

spurious responses of receiver, 3-214 starting device, Interference suppression
superheterodyne, Interference In, 3-215 3-

mixing synchronous
linear, definition of, 3-24) distribution factor of, 3-355
nonlinear external connections to, 3-355
definition of, 3-244 flux distribution in, 3-353
interference due to, 3-243 harmonics in, 3-351

receiver interference
formula for spurious responses due to,3-233 from, 3-351
spurious response due to, 3-233 ff. suppression of, 3-343, 3-351

Mode filtes In a wevegulde, 3-114 symmetry in, 3-355
Modem Unit MD-( ). rfi design plan for, 1-64 tooth ripples. in, 3-355
Modes, spurious, of propagation in waveguldes, ,,nIversal, Interference suppression of, 3.

2-215 Multiconductor
Moding oscillations in magnetron, 3-25, 3-54 cable, crosstalk in a, 2-200
Modulation shielded cable, 2-177, 2-184

amplitude distortIon after, source of twisted pair cable, 2-185
narrowband Interference, 1-20 Multlelement tubes, noise ener.y in, 3-17

angular, splatter Interference from trains- Multlended ground buses, 2-16
mitters, 3-280 Multilayer thin-film circuit, miniaturized,

3.
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Multiple Netic-type foil shield, 2-172
circu-t filter, 3-98 Network
ground circuits for rf applications, 2-188 filter
magnetic shielding for low-frequency strong for reducing switchirg interference, 3-194

fields, 2-77 general types of, 3-91
reflectiors in shields, 2-78 impedance
shielding, 2-77 ff., 2-164- matching, stripline, 3-106
shields, use of, 2-78, 2-164 stabilization, definition of, 1-4
tuned circuits, 3-232 Nickel

Multipoint for bonds, 2-27, 2-28
grounding system, 2-6, 2-12, 2-13, 2-187 mesh, air impedance of, 2-102
shieid grounis, 2-189 plating, electrless, for aluminum, 3-208

Multishielded cables, comenon shield ground for, Nighttime atmospheric interference. 1-21
2-193 Node system, computer

Mu-metal amplifiers in, 3-325
permeability of, 2-163 cable consideratiocs in, 3-323
shield, 2-77, 2-79, 2..160, 2-163 components for, 3-325

cans for transformer shiel~iing, 3-148 construction, 3-320
tape, 2-:70 interference suppression by use of. 3-319

sh;elding, effectivenass of, 2-75 mutual-impedance coupling in, 3-320
Mutual operational amplifier in, 3-321

admittance coupling, 2-202 potentiometric amplifier in, 3-323
capacitance, 2-202. 2-205 Noise
coupling of cables, 2-200 calculations, trlo(de, 3-15
impedance co-pling, 1-48, 2-202 conductance, equivalent, for vacuum tubes,

in a node, 3-320 3-18
of a •o•nmon ground return, 2-2V• cowmic, 1-21

inductance, 2-204 current fluctuations, .T ,--,ared, in tem-
be tweeo perature-limi ted diodes, formula

circuits, 2-203 for, 3-9
conductors, 2-199 dark, 3-22

magnetic coupling through, 2-203' el6mination of, 3-22
interference couplinfi of power supplies, 3-154 diode, space-charge-limi ted, 3-14

emission Interference
definition of, 3-281

N suppression of, 3-308
energy, multielenent tube, 3-17

Nameplate filter rating, 3-97 figure
Narrowband Interference, 1-6, 1-20 minluim, for several vacuum tubes, 3-20

conductive, 1-69 transistor, 3-65
definition of, I-4 formula for, 3-60
generation sources, 1-20, 1 670 3-223 function of

electrical machinery, 1-26 collector voltage, 3-65, 3-67
Inadequate bandwidth limitation, 1-20 emitter current, 3-65, 3-66
Intentional nonlinearities, 1-20 frequency, 3-62, 3-63
internal frequencies, .- 20 source generator resistance, 3-63,3-64
nonlinear modu!ation, 1-20 vacuum tube, formula for, 3-18
overmoduletion, 1-20 -free coaxial cable, 2-177, 2-179
unintentional harmonics, 1-20 Impulse, definition of, 1-4

Natural sources of Interference, 1-21, 1-41 level, ambient, permissible, 2-14
Negative-grid triodes, shot effect in, 3-10 parameters for varicus vacuum tubes at
Neon lamps, shielding of, 2-156 90 mc, 3-21
Neoprene penttode

Impregnated screen gasket, 2-150, 2-151 collision Ionization, 3"17
metal, woven, gasketing material, 2-146 emission of positive ions, 3-17

Netic shield material, 2-78, 2-165, 2-166 flicker effect from cxide-coated cathodes,
Netic 53-6 foil shield, 2-171 3-17

hum, 3-17
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0No I sopentode Open-ended cable shield, shielding effective

microphonics, 3-17 ness of, 2-186
secondary emission, 3-17 Operatinq

resistance lines, TWT, 3-42
equivalent voltage, TT, 3-45

of a triod. amplifier, 3-lI Cptical
referred to grid, in vacuum tubes,3-18 properties of semitransparent shielding

for a triode mixer, formula for, 3-13 materials, 2-167
shot transmittance

and thermal, formula for addition of, 3-12 of semitransparent shielding materials,
space-charge-limited diode, formu'a for, 2-165, 2-167

3-11 ratio of electrical transmittance to, 2
vacuum tube, 3-8, 3-9, 3-18 Optimum source impedance, vacuum tubes,3-1 0

solar, 1-21 Oscillation
source, emitter, in a transistor, formula he,-monic, magnetron, 3-23, 3-54

for, 3-60 moding, magnetron, 3-25, 3-54
t-rm, in transistor collector circuit, spurious, magnetron, 3-25, 3-54

formula for, 3-61 Oscillator
thermal coil shielding, 2-80, 3-254

and shot, formula for addition of, 3-12 harmonics
metallic resistor, formula for, 3-11 decoupling of, 3-226
space-charge-limited diode, formula for, Interfarence, 3-232

3-11 shielding of, '-226
vhf and uhf vacuum tube, 3-8 klystron, susceptibility of, 3-32

transistor, 3-59 local
from drift and diffusion currents, 3-59 modulation index of, 3-34
model, 3-60, 3-61 radiation
variation of, with circuit parameters,3-62 from

transmitter, 3-278 antenna, 3-254.
triode, output voltage, rms, formula for,3-16 receiver, 2-42, 3-202
tube, Inherent, 3-8 interference, 3-250
voltage magnetron, frequency spectrum of signals

rms, grid, of a triode, formula for,3-16 generated by, 3-30
total, at triode output, formula for, 3-1l. multiplication, Interference due to, 3-23,

Nomograph for distributed capacitance of shielding, 3-211, 3-232, 3-294
single-lyier coils. 3-1A4 Outer finish metal for bonds, 2-28

Non-inductive capacitor construction, 3-128 Output
Nonlinear characteristics of TVT amplifier, 3-48

amplifier spurious'responses of receiver, filters, transmitter, for interference
3-2?'4 suppression, 3-297

Impedance spurious responses of receiver, har.onic, of klystron transmitter. 3-36
3-211 maximum, of a switched circuit, formula fc

mixing 2-2C
definitlon of, 3-241 trer smI tter
Interference, 3-243 spurious, formuLd for, 3-309

suppression of, 3-241 suppression of Interference from, 3-296
modulation, source of narrowband Interfer- voltage of a switched circuit, formula for

once, 1-20 2-2(
Nonlinearitles, intentional, source of Overload

narrowband Interference, 1-20 receiver, formula for, 3-225, 3-247
NOR semiconductor solid-state circuit, minle- video, in intensity-modulated displays,3-.

turized, 3-332, 3-331 Overmodulation, source of narrowband interfe
ence, 1-20

Oxide film affect on
Interference emission, 3-343
stranded bonds, 2-24
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P
PermeabilIi tyPackaging of diodes and associated filter incremental, function of

networks for Interference reduction, magnetic field intensity, 3-14.7
3-73 magnetization fer different naterlils,3-145

Panel, ventilation, honeycomb-type, 2-102, inequalities, intarference from, 3-350
2-103, 2-116 of

Paper tubular capacitors, resonant frequency copper, 2-99
as a function of lead length for, free space, 2-L4

3-131 inductance coils, 3-141
Parasitic emission, transmitter Mu-metel, 2-163

definition of, 3-280, 3-302 relative megnetic, 2-44
suppression of, 3-302 Permissible anbient noise level, 2-14

Parasitics in external circuitry of tunnel Permittivity of free space, 2-45
diodes, 3-78 Phase

Partial shields, 2-78 characteristic of lumped constant band-pass
Passivated stainless steel For bonds, 2-27 filter, 3-44
Path constant, 2-96

art-.rial ground, 2-16 shift vs. frequency for a TVT, 3-43
ground return, 2-14, 2-15 Phosphor bronze
individual ground, 2-16 bond-strap, 2-22
low-impedance, 2-19 finger bonds, 2-30

Peak Pi-section
clipping suppression of audio spectrum of filter, 3-89

average male voice, 3-304 effect of poor bonding on, 3-116
noise limiters for pulse interference sup- formula for insertion loss of, 3-93

pression, 3-273 tank circuit for transmitter Interference
Peaked wave, composition of, 1-9, 1-10 suppression, 3-291
Penetration loss of Piezoelectric filter, characteristics of,3-342

conductor at low frequencies, correction Pigtail shield, 2-191
factor for. 2-94 Pin, around, 2-8

iron, 2-75 Plan,
magnetic fields, 2-75 EPI
non-magnetic material, 2-78 control (see PC control pla)
steel and copper shields, 2-72 test (see EVC test plan)

Pentode RFI design (see RFI design plan)
noise from, 3-17 plane

collision Ionization in, 3-17 ground, 2-5 ff.
emission ot positive Ions In, 3-17 aluminum or copper foil as, 2-209
flicker effect from oxide-coated cathodes, coupling, 2-188

3-17 Ideal, 2-5
hum in, 3-17 use of, for ground retvrn lead, 2-78
microphonics In, 3-17 shield (see shield plane)
secondary emission In, 3-17 owve field, 2-43

plate characteristics of, 2-I $-factor in, 2-60
Perfect envelope detector, Interference In, reflection loss in, 2-51. 2-55

Perforated metal 3"45 shielding effectiveness In, 2-56, 2-57
eroated hone tair Itotal reflection loss In, of steel andand honeycomb, air Impedance of, 2-102 copper shlelds, 2-69

sheet, 2-102, 2-117 ff. waves

shield, 2-124 comparative shielding effectiveness of,2-51
currents Induced on, 2-100 in free space, impedance of, 2-45
shielding effectiveness for, 2-92 total reflection loss, formula for, 2-47

Permanent Plastics, conductive, gasketlng materlals,2-14 6

-type bonds, 2-36, 2-37 Plate
water table, 2-6 characteristics of a pentode, 2-15

Permanently closed Joint, class A, 2-149 circuit of thyratron, use of choke in,

for Interference reduction, 3-6
current, thyratron, 3-3, 3-5
!;round, 2-1I

Pl4tes for bonds, bimetallic, 2-26
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Plating Power
commutator, for Interference suppression, supplies

3-345 interference
nickel, electroless, for aluminum, 3-208 control of, 3-153, 3-257
of bonds, 2-26 from, 3-153, 3-158

Plinum for bonds, 2-27 location, for interference reduction,:
Plugs, electric, shielding of, 2-193 mutual interference coupling of, 3-15)
P-N junction capacitor, miniaturized, 3-328 shielding of, 3-153
Point solid-state, broadband interference b%

common potential reference, 2-5 supply
ground, 2-8, 2-11, 2-15 connections for computer amplifiers, .

reference, 2-6 filtering, 3-156
sources of interference, galactic, 1-25 Isolation, 3-157

Points, equipotential, 2-9 thyratron, high-vo'tage, Interference
Polyethylene jacket cable, 2-178
Polyform process, shield construction by,2-163 transformer, shielding of, 3-148
Polysulphate protection of bonds, 2-26,2-29, transformer

2-30, 2-36 double Faraday box-shield, 3-151
Positive guard shield on, 3-151

ions, noise from emission of, in a pentode, Precipitation static, 1-41
3-17 Pressure and interference-tight seal, 2-11,

temperature-coefficient thermistors for arc Pressurized conductive gasket applicatict.
interference reduction, 3-55, 3-56 PRF discriminator circuit for interferei..-

Potential suppression, 3-260 ff.
chassis, distribution of, 2-9 Printed circuit board, 2-13
drop across a bond, 2-19 grounding, 2-13
electromotive, between dissimilar metals, shielding, 2-13

eli.ination of, 2-84 Product detector, interference in, 3-245
ground, 2-15 Propagation

graph of, 2-11 constant, 2-96
isolation transformer technique for mini- Interference, 2-38

mizing, 2-17 spurious modes of, in waveguides, 2-215
reference point, common, 2-5 Proportional type heaters, use of, 3-259

Potentlometric; amplifier, in computer node Protective coating for bonds, 2-26, 7-36
construction, 3-323 Pulse,

Power clipped sawtooth, formula for interferen
cabling, 2-213 level of, 1-15
emitted at a shield, 2-39 cosine, formula for Interference level o
frequencies coupled Into low-level circuit cosine-squared, formula for Interference

using multipoint shield grounds,2-189 level of, 1-15
ground, 2-IS critically damped exponential, formula ft
Incident, at a shield, 2-39 Interference level of, I-IS
levels, absolute, of sldebands of an fm delay method of Interference suppression

transmitter, formul for, 3-305 gaussian, formula for !nterference level
line filter

attenuation vs. frequency, 3-93 Interference supprenion, 3-260
Installation of, 3-118, 3-122 series limiter for, 3-274 ff.

loss rectangular
absorption, shield, 2-39, 2-59 formula for Interference level of, 1-9
reflection, radiated, 2-39 Fourier analysis of, 1-9, I-il

supplies, 2-15 Interference level for, 1-13, 1-15
circuit planning of, 3-153 spectral content of, 1-9
common shape, tran'ient, analysis of, 1-20

cuuuptabilIty of, 3-153 trapezoidal
Interference suppression of, 3-155 formula for Interference level of, I-IC

computer, suppression of, 3-325 Interference level for, 1-14 ff.
fi'tering of, 3-153 triangular, formula for Interference leve

I-
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Pulse Radiation
width interference, 1.46

discrimination for interference suppression, if
3-265 from receiver, 3-202

discriminator suppression of. 3-255
delay line, 3-267 local oscillator, 3-202, 3-250
integrator type, 3-266, 3-268 from antenna, 3-254

Pulsing of a magnetron for interference sup- shielding
pression, 3-27 agaiftst, 2 42

of, 3-211
transmitter, 3-288

Q solar, 1-23
through glass envelope of thyratron,

Q shielding aginst, 3-8
loaded, as a function of magnetron fre- transmitter, spurious, shielding against -.

quency, 3-52 video signal, of, 3-202
of inductance coils, 3-141 Radiator of rf energy, bond strap as, 2-21

Quiet sun, interference levels for a, 1-24 Radio
astronomy, 1-25

R frequency
effectiveness of bond at, 2-19
Interference, extraterrestrial, 1-25

Rack bonding, 2-218 transmitter intermodulation, 3-283
Radar Radio Set AN/GRC-( )

modulators, location of, 2-222 EPIC considerations for, 1-50
PRF discrimination in, 3-260 Insertion loss design plan for, 1-58
pulse interference, suppression of, 3-260 rfI design plan for, 1-52
signal-to-noise ratio In, 3-32 susceptibility design plan for, 1-58
transmitters, location of, 2-222 Rain-tight conductive gasket seal, 2-145

Radials, grounding, 2-6 Random
Racdiated Inters ince, broadband, 1-6

field prf em. Ion for Interference suppression,
attenuation of, 2-39 3-264
reflection of, 2-39 Rating

Interference, 1-46, 1-47, 2-713 filter, 3-93
analysis, 1-54 nameplate, 3-97
broadband, 1-68 of current-carrying capacity of feed-
cable, 2-176 through capacitors, 3-140
narrowband, 1-67 Ratio of
SCR, reduction of, 3-85 aperture characteristic Impedance to
slimllne fluorescent lighting fixture,2-159 Impedance of Incident wave, 2-93
tests, 1-4 conductor width to skin depth between

of holes for perforated sheets, formu-
an enclosure, 2-92 la for, 2-94
[mC test plan, 1-92 electrical transmittance to optical trans-

POWe, mlttance, 2-165
exiting,of a shield, 2-39 Intensity of reflected wave to transmitted
Incident, at a shield, 2-39 wave, formula for, 2-101
loss, reflection, 2-39 noise energy of a triode to noise energy

susceptibility of dynamic tube resistance, 3-13
of receivers, 3-202 radiator wave Impedance to Intrinsic
tests of EPC test plan, 1-93 Impedance of a shield, 2-41

Radiation signal-to-noise, in radar units, 3-32
conductor, 2-4 transconductance of triode to conductance
coupling, 2-202 of equivalent diode, 3-13
field, 1-47 wire diameter to skin depth for screening,
from the earth, 1-26 formula for, 2-94
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RC network, miniaturized, 3-330 Receiver f
Reactance vs. frequency of lossless L and C nonlinear

elements, 3-125, 3-126 amplifier, spurious response of, 3-214
Reactive mode filter devices, 3-111 imredance, spurious response of, 3-214
Receiver overload, formula for, --247

antenna shield, 2-38 overloading of, 3-225
as an interference source, 3-249 paths for undesired signals, 3-198
audio susceptibility of, 3-202 permissible levels of interference of, 3- R
handpass curwes, typical, 3-225 radiated susceptiWility of, 3-202 f.
broadband interference in, 3-222 response
channel width, 3-224 large-signal, 3-224
co-channel Interference in, 3-226 small-signal, 3-224
cross-modulation, 3-202, 3-222 to broadband interference, 3-222

interference in, 3-225, 3-293, 3-294 rf
decoupling of, 3-205, 3-212 input, suppression of, 3-204
desensitization, 3-203, 3-246 stages of, 3-51
design to minimize Io interference and rfi suppression of, 3-201, 3-207

spurious responses, 3-256 self-interference in, 3-226 R4
double ;onversion in, 2-230 self-spurious responses of, 3-225 R4
filtering of, 3-203, 3-205 shielding, 3-203, 3-205
first detector, spurious responses of, 3-214 between stages, 3-211
fixed-tuned, atten'jat!on of local oscillator deficiencies of, 3-202

signal in, 3-25- integrity of, 3-212
frequ.,ncy converter, spurious responses of, shields, grounding and bonding of, 3-209

3-214 side-band
front end, uhf, protective circuits for, clipping in, 3-230

3-49, 3-50 selectivity of, 3-225
heterodyne single-sideband, 3-224

action due to spurious responses, 3-214 spurious responses in, 3-199, 3-202, 3-'
interference in, 3-248 3-222, 3-224, 3-226, 3-230, 3--3

high Q tuned circuits to minimize spurious stray coupling reduction in, 3-205
responses in, 3-224 swi or d!fference frequencies in, 3-219

housing, shielding of, 3-206 suppression
image due to rf selectivity, 3-216

frequency of
Interference, 3-202, 3-228 conduction of if signals from, 3-255
signal in, 3-227 radiation of If signals trom, 3-255

rejection ratio of, 3-227 spurious responses from, 3-255
interference, 3-198, 3-199, 3-216 susceptibility, 3-198, 3-199, 3-202

emission, 3-202, 3-2149 fr. transistorized, ;nstability of, 3-202
reduction, 3-199, 3-202 undesired

intermodulation, 3-23, 3-202 erission In, 3-198
products, formula for, 3-218 responses in, 3-198
rejection in, 3-219, 3-231 variable-tuned, attenuation of local osc

Internal lator signal in, 3-254
decoupling and filtering of, 3-203 Receptacle, electric, shielding of, 2-193
shielding, 3-209 Reception of atmospheric Interference, 1-2

Isolation of Internal wiring and circuit Recombination fluctuations in a transistor
components, 3-203 Rectangular

local oscillator radiation, 3-202, 3-255 pulse
shielding against, 2-42 formula for interference level of, 1-9

location of, fur Interference suppression, Fourier analysis of, 1-9, I-il
2-222 Interference level for, 1-13, 1-15

low noise, use of, 1-25 spectral content of, 1-9
mixer, spurious responses of, 3-214 waveguide Re
mixing attenuation of, 2-126

spurious responses due to, j-233 ff. TE10 mode, 3-110
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Rectangular Regulator
waveguide interference, 1-33

attenuator, formula for, 2-125 current type, 1-34
characteristic Impedance, formula for, 2-95 gaseous type, 1-33
lowest cutoff frequency of, formula for, magnetic-anwtlifler, 1-33

2-128 reed-type, 1-33
operating below cutoff. 2-125 voltage-type. 1-34

Rectification of Interference energy, 2-198 Zener diode, current and voltage character-
Rectifier istics, 3-77

circuit, diode, interference reduction of, Rejection
3-74, 3-75 band, stripline filters, 3-102

interference, 1-30, 3-69, 3-158 If
gaseous-type, 1-31 interference due to poor, 3-248
mercury vapor, 1-31 shielding for, 3-248
selenium, 3-69 intermodulation, 3-219, 3-231
silicon-controlled, 1-31, 3-81 for 6J4 triodes, 3-220

rf high-voltage, shielding of, 3-158 ratio, image, of receiver, 3-227
Reed-type regulator interference, 1-33 Relative
Reference conductivity, 2-45

node magnetic permeability, 2-44
operational amplifier, 3-321 motion of a bond, 2-29
potentiometric amplifier, 3-323 Relay
structure in a computer, 3-319 interference reduction, 3-257

point switching circuits, 2-207
common potential, 2-5 Remedial interference control, 2-3
ground, 2-6 Replaceable bonds, 2-26, 2-27

RIflection Reradietion, atmosphericmechanism of, 1-25
calculations Resiliency

correction factor for, 2-96 bond, 2-29
formula for, 2-95 strap, 2-22

loss, 2-75 Resilient
aluminum, to a magnetir field, formula for, conductive electronic weatherstrips, 2-136

2-51 metal gasket, insertion loss of, 2-146 ff.
aperture, formula for, 2-93 metallic gasket, 2-136, 2-140
B-factor of, 2-1I4 Resistance
calculations, 2-48 air (see Impedance, air)
copper end Iron, 2-51 bridge, 2-19
electric field, 2-51,2-52, 2-59,2-67,2-75 corrosion, of bond, 2-21
magnetic field, 2-41,744:2-59,248,2-75, dc contact, of aluminum, 2-88

2-76 film as mode filter in a waveguile, 3-114

mash shield, 2-103 ground, 2-6
plane wave field, 2-51, 2-55 inductance coil, 3-141

total, formula for, 2-49, 2-47 Insulation, filter, 3-97
shield, 2-39 ff., 2-6 of a bond

solid dc, 2-20
copper, 2-71, 2-63 electrical, 2-19, 2-21
steel, 2-70 fatigue, 2-21

to an electric field source, 2-48 rf, aluminum, before and after salt spray,
total, 2-44 2-89

for electric field, formula for, 2-47 Resistivity, brush, effect on interference
radiated emission, 3-344

field, 2-39 Resistor,
power loss, 2-39 metallic, thermal noise of, formula for, 3-1I

Reflective wideband wavegulde fIlter, 3-108 miniaturized
bulk type, 3-328
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Resistor RF
miniaturized attenuation, altninum chassis, 1-53. 1-74

deposited thin-film, 3-328 bond impedance, 2-20
diffused-layer sili..on, 3-328 bonding of rece ver housing. woven metallic
semiconductor, 3-329 mesh gasket for, 3-206
stick, 3-254 conducted

switching interference suppression by, 3-164 interference in E1IC test plan, 1-91
Resonances, spurious susceptibility tests for EPIC test plan,1-94

high Q tuned circuits to minimize, 3-224 gasket, mechanical suitability of, 2-154
interference due to, 3-230, 3-231 gasketing of receiver housing, 3-206

Resonant ground bond, filter effectiveness of, 3-117
ferrite materials In waveguides, 3-Ill high-voltage rectifiers, shielding of, 3-158
frequency impedance of bonds, 2-21

bond-strap, 2-29 Input, suppression of receiver, 3-204
function of lead length for radiated susceptibility tests, E/IC test plar.

disc ceramic capacitors, 3-133 1-91
mica capacitors, 3-132 reduction of shielded cable, 1-73
paper tubular capacitors, 3-131 res!stance of aluminum before and after
standoff type ceramic capacitors, 3-134 salt spray. 2-89

!hifting by varying capacitor lead length, screening agents, mesh materials as, 2-116
3-130 selectivity

stud-type capacitor, 3- 136 measurement, 3-230
series receiver, suppression due to, 3-216

circuit, nit Impedance of, 3-123 shielded cable, interference currents in,
frequency, capacitor, measurement of,3-127 2-191

Response stages of receiver, 3-51
adjacent channel transformer, electrostatic shields for,

carrier beat type, 3-246 3-212,3-23,
monkey chatter type, 3-246 RFI
signal masking type, 3-246 design plan for

broadband Interference, 3-222 AN/GRC- ( ) ancillary equipment, 1-72
curves, spurious, receiver mixing, 3-233 ff. government furnished and contractor pur-
frequency, spurious, formula for, 3-243 chased items, 1-86
if Modem Unit NO- ( ), 1- 64

converter, 3-229 Radio Set AN/GRC- ( ), 1-52
receiver, 3-202 shelter blower-power supply, 1-70

Image, receiver, 3-202 paths into receiver, 3-200
Interference, hname, 3-227 reduction, 1-52
large signal, 3-224 antenna coupler, for Radio St AN/GRC-( ),
self-spurious, 3-225 1-58
small-sigmal, 3-224 design techniques for Radio Set AN/GRC-(
spurious 1-58

definition of, 1-5, )-1!* suppression of receiver, 3-201,3-207
receiver, 3-198 ff.1-211.3-214,31-222 ff. Rigid conduit, bonding of, 2-30, 2-34

•-132 Ripples, tooth, in alternators and synchronous
frequency ionverter, 3-214 motors, Interference suppression of
heterodyne action due to, 3-214 3-355
high Q tuned circuits to minimize, 3-224 IMS
Interference due to, 3-214 - grid noise voltage, triode, formula for, 3-16

;aproper output noise voltage, triode, formula for,
adjustment of gain, 3-214 3-16

bias, 3-214 Rod end bullet septa in a waveguide,3-1ll,3-113
mixing, 3-233 Rosin, use of, as a soldering flux. 2-85
nonlinear lqpedencep 3-214 Rotary inverter, Interference suppresslc- of,
suppression of, 3-215, 3-255, 3-256 3-358, 3-359

stripline filter, 3-106 Rotatinq
transient, 2-207 bond joint, 2-30

Return machinery, Interference-reduction for, 3-361
currents, 2-15 machines, interference suppression of,3-313
path, ground, 2-14, 2-15
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Rotor eccentricities, interference from, 3-350 Screw
Routing, cable, 2-199 spacing, shielding effectiveness vs.,I-57,1-76
Rubber, conductive, gasket, 2-150 ff. types for bonds, 2-28
Running-rabbit interference patterns, 3-260 Seal

bond, 2-29
pressure and interference tight, 2-11414
rain-tight conductive gasket, 2-1i5
universal waveguide, design of, 2-216

Saturation of inductance coil, 3-141 Sealing of AN-type connectors, 2-143
Sawteeth type switch-generated interference, Seam

3-159, 3-160 complex, 2-91
Sawtooth, clipped, pulse, formula for inter- design, 2-87

ference level of, 1-15 for minim'um irterference, 2-90
SCR with mesh gaskets, 2-132

circuitry, interference reduction for, 3-82 shielding efficiency of a, 2-87
circuits, parallel, operation of, 3-87 Secondary emission
conducted interference, 3-82 in vacuum tubes, 3-9

suppression of, 3-83 noise, pentode, 3-17
decoupling UJT firing circuits from supply Second-order intermodulation products, 3-218

transients, 3-86 Selectivity
gate inadequaLe receiver, front-end, 3-203

circuits, negative transients in, 3-86 sideband, 3-225
transients, decoupling UJT circuits Selenium rectifier, interference in, 3-69

age'.ast, 3-86 Self-inductance, bond strap, 2-21
interference Self-interference, receiver, 3-226

on trigger circuits of, 3-85 Self-resonance, bond strap, 2-21
reduction design for, 3-82 Self-spurious

operation, ground circuitry in, 3-82 emission, transmitter, 3-278
radiated interference reduction design, response, receiver, 3-225

3-85 Semiconductor
ýystems devices, 3-55

elimination of Interaction phenonena in, resistor, microminiaturized, 3-329
3-84 solid-state

Interaction between, 3-84, 3-87 circuit, miniaturized, 3-331, 3-332
trigger circuits, 3-85 flip-flop, )-336
unijunction transistor for firing circuits NOR circuit, 3-332, 3-334

of, 3-85 Semipermanent bonds, 2-36
Screen Semitransparent shielding materials

air resistance of, 2-116 electrical transmittance of, 2-!65
and honeycomb, attenuation vs. frequency, microwave transmittance of, 2-167

2-114, 2-115 optical transmittance of, 2-165, 2-167
filter, mesh, 3-208 Septa, In a waveguide, 3-111 ff.
gasket,aluminum, impregnated with neoprene, Series

2-151, 2-150 connections in a ground bus, 2-16
installation over ventilation aperture,2-IOS resonant cIrcuit, net Impedance of, 3-123
shield Serrated

low frequency corrections for, 2-98 contacted finger conductive gasket, 2-152
mesh, 2-38 ridge weveguldes. 3-108

Screening materials, mesh.2-112,2-116,2-124 Shaft
Whielding effectiveness,2-98,2-104 ff., bond, 2-30

2-116, 2-122 feedthrough techniques, 2-130
conparlson of single and double Sheet -tock, perforated, 2-;17 ff.

copper Shield, 1-5, 2-11
18 mesh, 2-108 absorption loss, 2-39 ff., 2-49, 2-73, 2-78,
40 mesh, 2-109 2-83
60 mesh, 2-110 aluminum, 2-84

galvanized steel, 8 mesh, 2-111 antenna wire, 2-38
copper and bronze, 2-104, 2-121, 2-123
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Shield Shield
antlelectric field, 2-78 formed "manetic, 2-161
antimagnetic field, 2-78 ground
apertures. 2-98 common, for multishielded cables, 2-:

as stacked waveguides beyond cutoff, 2-92 for electric plugs and receptacles, 2
attenuation of, 2-39, 2-40 grounding
auxiliary, use of, 2-80 halo for, 2-185
B-factor of, 2-39. 2-41. 2-74, 2-83 multipoint, 2-13
bonding, 2-186, 2-192 single-point, 2-12
box, Faraday (see Faraday box shield) guard, on power transformer, 3-150, 3-1
cable heat dissipation of, 2-38

bonding, 2-194, 2-195 HI-Mu 80, 2-163
halos for, 2-193 honeycomb, k-124
interlacing straps for, 2-193 housing, grounding of, 3-2!1

grounding, 2-186 incident radiated power at, 2-39
open-ended, 2-186 insertion loss tests of, 2-96

can', Mu-metal, for transformer shielding, intrinsic impedance of, 2-41, 2-44, 2-:.
3-148 joints, 2-131

coating, Eccoshield type ES, 2-172 magnetic,
coaxial cable. 2-38 construction of, 2-161, 2-162
component, 2-78 economies in construction of, 2-162
com .ite, 2-78 field intensities at, 2-39
conductive surface coating as, 2-172 heat treatment of, 2-161
Co-netic-.ype, 2-163t 2-165 joints in, 2-162
construction by polyform process. 2-163 spot welding of, 2-161
continuity through a connector, 2-191 material
continuous equipment enclosure, 2-191 Co-Netic type, 2-78. 2-165
copper braid, 2-205 .ypernom, 2-163
corona, 1-39 insertion loss determination of, 2-4'
corrections for closly spaced shallow magnetic, 2-160

openings in, 2-98 1u-metal, 2-160. 2-163
corrosion Netic type, 2-166

prevention, 2-38 Unima" TO, 12-163
protection, conductive finishes for, 2-84 mesh

currents Induced on perforated metal, 2-100 construction of, 2-104
iog-house, 3-210 reflection loss of, 2-103
drawn magnet!c. 2-161 screans 2-38
electric field Nw-metal, 2-77

absorption loss In, 2-78 multiple
Intensities at, 2-39 reflections in, 2-78
reflection loss In, 1-76 use of, 2-78, 2-164

electrostatic, rf transformer, 3-12, 3-311 openings, corrections for number of, 2-
emitted power at. 2-39 partial, 2-78
exiting radiated power of, 2-39 penetration loss, 2-22

Faraday perforated metal, 2-124
formula for coupling capacitance of, 3-I1" pligtil, 2-191
leakage capacitance of, 3-149 planes In miniaturized modules, 3-340,3
measurement of coupling capacitance of, printed-circuit board, 2-13

3*149 receiving antenna, 2-38
transformer, 3-146, 3-148, 3-151 reflection, 2-40

fasteners, 2-129 at each surface of, 2-39
flexible metal conduit, 2-38 loss, 2-41
foil solid

cable, zipper tubing for, 2-171 copper
Co-Netic type, 2-171, 2-172 reflection loss of. 2-83
Netic-type, 2-171 shielding effectiveness of, 2-83
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Shield Shielding
solid effectiveness

metal, 2-38 electric, wave fields,
shielding effectiveness of. 2-76 c p sh$ield 2-w6v 2-e5l

stripping for grounding pigtail. 2-191 steel shield, 2-62 ff.

surface impedance between rectangular holes fislters, 3-115

in, formula for, 2-99 formula for, 2-131 292, 2-93, 2-95

tape, Mu-metel, 2-170 galvanized steel screens, 2-107
total reflection loss. solid, 2-44 gJoints, 2rn 2

copper, 2-71 joints, 2-162
steel, 2-70 measurements, 2-104

waveguide, 2-38 copper, bronze and steel screening. 2-123

below cutoff, 2-129 metal, 2-40. 2-43

Shielded minimum, 2-97

cable, 2-30 Mu-metal, 2-75

double, coaxial, 2-177 non-magnetic materials, 2-78

harnesses, 2-185 open-ended cable shield, 2-186

method of introducing, 2-190 perf-rated metal shields, 2-92
multiconductor, 2-177, 2-184 screening

rfi reduction of, 1-73 magnetic field, 2-116
single, coaxial, 2-177 copper and bronze, 2-121
spiral-wound, 2-171 steel, 2-122, 2-205

conduit, 2-181 materials, high-frequency, 2-98

enclosure, design of, 2-44, 3-195 mesh, 2-1ndo
hookup wire as a lossy transmission line,2-192 angle and double
rf cable, Interference currents in, 2-191 copper,
t.isted pair I0 mesh, 2-108

cable, 2-188, 2-189, 2-205 60 mesh, 2-109
wire, use of, 2-182 69 mesh, 2-110

Shielding, 2-38, 2-202 galvanized steel,
against seems 1-87

electric (high-impedance) fields at low solid
frequencies, 2-104 copper shield, formula for, 2-83

magnetic fields, 2-78, 2-16/., 2-202 metal shield, 2-76
transmitter spurious radiation, 2-52 steel shield, 2-62 ff.

alternator. 3-356 total, 2-39. 2-40
applications, multiple, 2-78, 2-79 fotmul for. 2-39
attenuation of conductive gaskets, 2-146 vehicle wail, 1-42
backward-wave taues, 3-417 vs. screw spacing, 1-57, 1-76
between reeiver stgeps, 3-211 efficiency, 2-97
cabinet, 2-221 electric plugs and receptacles, 2-193
cable, 1-176
carbon are lamps, 2-156 electromngnetic, 2-38
cathode-ray tube openings, 2-l6, 2-1•9 electrostatic. aluminum or copper 23ll8 209
control panel penetrations. 3-0 en-Oiates, 3-350
deficiencies of receivers, 3-202 equ mant at cabinet level, 2-218
design fundamentals, 2-5.. flange type Joints, 2-136
Iccoshleld VX caulking compound for, 2-17 fluorescent lights, ;-156
effectiveness, 2-38 ffM, 2-59, 2-75, 2-97 ff, fuse holder openings, 2-170

co-axIal cable, formula for, 1-83 gas discharge leaps, 2-156
conductive gaskets, 2-146 generator, 3-11.9, 3-350
copper housings, 3-255

and iron, 2-58 If rejection, 3-248
screens, 2-106 Integrity, 2-3

electric field, 2-53, 2-77 Itr-it, 2-37
comparison of metals in, 2-51 connectors, 2-186

receiver, 3-212
Interference flail, 2-77



INDEX

Shiel1ding Shunt lines, shorted, In stripline filter
Inte. ference 3-102, 3-103,
producing unit, 2-3 Side lobe Interference suppression, 3-31;

keep-alive voltage lead In TA and ATR tubes, Sideband
3-47 clipping, receiver, 3-230

dirnetct -viwso6g0ues -6 selectivity, receiver. 3-225
diret-viw strag tubs, 2165splatter Interference, tronsmitter,3-2

field transference, 2-77 32
multiple, 2-77 suppression of, 3-304
magnetic, for low-frequency strong fields. strength, relative, Bessel function, o~

2-77 direct measure of, 3-34
neon lamps, 2-156 Sidebands, fm transmitter, absolute power
oscillator levels of, formula for, 3-305
coils, 2-80. 3-254 Signal
harmonics, 3-226 ground, 2-15
stages, 3-232, 3-294 integration. suppression of Interferes..

po%%er supplies, 3-153
process, 2-39 interference, due ýo coamin- impedance
receiver, 3-203, 3-205, 3-209 cabling elements, 2-212
housing, 3-206 Interfering, 2-14, 2-203

rf high-volag rectifier, 3-158 -to-noise ratio
structural, effectiveness of, 2-38 at output and Input of vacuum tubes,
switching devices, 2-170. 3-197 formula for, 3-18
test points, 3-212 In radar tenIts, 3-32
transformers. 3-148 Silicon
chopper Input, 3-146 -control led rectifier interfarerce~lN, l-
Isolation, 3-148 diode Interference, 3-69
low-level Input, 3-146 resistor, diffused-layer, miniaturizo.
power Supply 3-148 Silicone rubber conductive gaskets, 2-l12

transmission Siliver
cable, 2-80, 2-SI bonds, use of for, 2-27, 2-2e,
line analogy of, 2-39-paebrsfokntdwiecdui

ultraviolet lams, 2-156 -paedbasset fo2nitd1i55odut
wiring, 3-255 Single

Shock and double screening, comparison of
excitation emission Interference, transmitter, shielding effectiveness of

3-286 copper screening
mounted IS mesh, 2-108

equipment, bonding of, 2-29. 2-31 4e0 mesh, 2-109
tray, bonding of, 2-221 69 mesh, 2-110

Shorted shunt lines In stripilne filters, 3-102 galvanized steel screening
3-103 S mesh, 2-ill

Shot circuit filters, 3-98
effect In conductor, single shield cable, 2-177.2-
ngatisve-grid triodes, 3-10 laye Inductance coil, distributed cap#(
sp-wce-charge-limited diodes, formula for, of, 3-143

3-10 nomograph for, 3-144.
temperature-limlfre diodes, 3-9 outer shield cable, twisted, 3-conductur
va-.uum tube%, 3-9 phase Induction motor, Interference supp

noise Ion of starting device of, 3-357
and thermal nolf point.

formula for addition of, 3-12 ground, 2-12,2-13,2-18202-184,2-Mil
In diode circuits, 1-1i audio amplifier, 2-188

In a pc-hreImtddoewt et-bus arrangement, 2-12
a spce-carg-l~mteddiod wih reis-shield, 2-12

tOve load, formuld for, 3-1l system., 2-6, 2-1817
vacuum tubes, 3-8, 3-9, 3-18 shield cable

coaxial, 2-177
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Source
Single generator resistu.nce, transistor,

shield cable formula for optimum value of. 3-63double conductor, 2-177, 2-184 noise figure dependstncu on, 3-64single conductor, 2-177, 2-184 impedance, optimum, in vacuum tubes. 3-19,3-20
tsisted pair, 2-177 Spacing

sideband receiver, 3-224 of harmonic beam bunches in a klystron, 3-32
Sinusoidal tone, clipped screw, shielding effectiveness vs, 1-57. 1-76

approximation by trapezoidal waveform,3-306 Specification requirements, interference, 2-38
formula for a, 3-305 Spectral content of a rectangular pulse. 1-9

Skin depth effects, 2-93 Spiral-wound shielded cables. 2-171
Slimline fluorescent lighting fixture. 2-159 Splatter
Slip ring generation in klystron tubes, 3-51

bonding of, 2-30 interferen'e
interference, 1-44 definition of, 3-280

effect of modulation, suppression of. 3-304
current density on, 3-343 sideband, 3-278
friction on, 2-123 suppression of. 3-304

Slow.ed down video, interference :uppression by, modulation
3-262 amplitudeSmall definition of, 3-281

aperture, definition of, 2-116 formula i or, 3-281
signal "T" equivalent circuit of transistor, forula rom r s 3-283-60 angular, frora transmitters, 3-280

Soft metal con'hjctive gaskets, 2-150 3 2-151 Split-sleeve, flared. 2-30Solar Spot weldinq of magnetic shields, 2-161olare 
Spuriousflares, 1-24 cross-modulation Interference, formula for,

interference, 1-23330noise, '-21 3-302
radiation, 1-23 emission, 1-5raves, 1-24 transmitterSoldered 

formula for frequency of, 3-299bond-Joint, 2-22, 2-37 suppression of, 3-289, 3-298bond nts. 2-21 2frequency generation
gaskets, 2-141 klystron, 3-34, 3-51
corrosin• due to, 2-85 magnetron, 3-25, 3-51, 3-54, 3-279
flux. use of rosin as a. 2-85 IVte 3-42

Solid rerense
bond strap, 2-22, 2-24, 2-31 response

Impedance of, 2-25 reaesver, 3-225coprshield, total reflec~lon loss et transmitter, 3-278
copper s u refl loss modes of propagation In waveguldes, 2-215
metal both surfaces of, 2-71 output, transmitter, formula for, 3-309

bond strap, 2-22 ff., 2-31 radiation, transmitter, shielding against,2-42

shield, 2-38 resonance

shielding effectiveness of, 2-76 Interference, 3-230, 3-231
state use of high Q tuned circuits to minimize,

miniaturized semiconductor, 3-331, 3-332 3-224

flip-flop, 3-336 response, 1-5, 3-211
NOR circlit, 3-332, 3-334 first detector, 3-214

power supply, broadband interferonce,,3-202 frequencies, formula for, 3-243
steel shield, total reflection loss at both receiver, 3-199, 3-202, 3-21, 3-222, 3-224,

surfaces of, 2-70 3-224
Solvent, methyl ethyl ketone, for Ec:oshleld, definition of , 3-198

2-173 frequency converter, 3-214
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Spurious Stop voltage, coupling signal resulting from,
response 2-2(

receiver, due to Storage tubes, direct-view, magnetic shield"
heterodyne action, 3-214 of, 2-165
Improper Stranded

idjustment of gain, 3-214 bond-straps, 2-24
bias, 3-214 corrosion of, 2-24
mixer action, 3-214, 3-233 ff. interference signals in, 2-24
nonl inear intermittent contact in, 2-24

amplifier, 3-214 oxides on, 2-24
impedAnce, 3-214 Strap, bond (see bond-strap)

surpression of by, 3-255 Strapping of a magnetron, 3-25, 3-28
balanced mixers, 3-245 Stray
high Q tuned circuits, 3-224 coupling in receivers, reduction of, 3-,
isolation, 3-245 electric fields, interference from, 3-35C
low-pass filer, 3-245 Strength of bond, 2-21

stripline filters, 3-106 Strip
Square- gaskets, 2-143

law detector, Interference in, 3-245 materials, methods of holding in plsce, 2-
wave, composition of, 1-8 transmission iine filter, 3-102

Stabilization network, Impedance, definition Stripline filter
of, 1-4 bandpass, 3-102

Stacked waveguides beyond cutoff, attenuation band rejection, 3-102
effects of shield apertures as,2-92 characteristic impedance of, 3-104

Stainleas steel, passivated, for bonds, 2-27, complex, 3-104
2-28 construction, 3-103

Stakes, ground, 2-6 high pass, 3-102
Standoff type ceramic capacitors, resonant Impedance matching networks, 3-106

frequency as a function of lead linear toper matching ot, 3-107
length for, 3-134 loading of, 3-102

Stars, radio, 1-25 low-pass, 3-102, 3-10t, 3-105
Starter type fluorescent lamp suppressor,2-158 shorted shunt lines So, 3-102, 3-103
Starterless fluorescent la suppressor, 2-158 spurious response in, 3-106
Static transverse slots in, 3-102

bearing, 1-29 T-section, 3-104
belt, 1-28 Stripping of cable si,!eld for grounding pigt
dipole field, 1-47 2-1
frictional, 1-27 Structural shielding, effectiveness of, 2-38
gear, 1-29 Stud-type capacitor, resonant frequency of,3
precipitelon, 1-41 Sun, interference from, 1-23
tire and track, 1-29 Sunspot activity, 1-23

Steel Interferevice levels for, 1-24
bonds, use of for, 2-27, 2-28 Superheterodyne mixer, Interference in, 3-?1
screening Superscnic delay line, Interference suppress

shielding effectiveness of, 2-107,2-11I, by, 3-262
2-122, 2-123 Supplies, power (see power supplies)

shielI Suppression effectiveness, filter, 3-94
absorption loes for, 2-73 Integral, definition of, 1-4
3-factors for. 2-714 Interference (see Interference suppression
penetratien less of, 2-72 Suppressor, Interference (see Interference
shielding effectiveness In electric, meg- suppressor)

netlc and plane wave flelds,2-62ff. Surface
total reflection loss applications, conductive, 2-175

at bot, surfaces of, 2-70 coatings, conductive, as shields, 2-172
in Impedance between rectangular hales In a

electric field of, 2-67- shield, formula for, 2-99
plane wave field of, 2-69 materials for bonds, 2-26
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Susceptibility, 1-5 Syimmetrical T-section st-ipline filter, 3-104
analog computing equipment. 3-317 Symmetry in alternators and synchronous motors,
audio, receiver, 3-202 3-3.'5
computer, 3-317 Synchronous
data for EMC test plan, 1-103 detector, interference in, 3-245
Interference tests, 1-4 motor,
klystron oscillator, 3-32 distribution factor of, 3-355
receiver, 3-198, 3-199, 3-202 external connections to, 3-355
test point, 3-212 flux distribution in, 3-353
tests for EMC test plan, I 93, 1-94 generation of harmonics in, 3-351
vacuum tube, 3-22 interference, 3-351

Sweated bond joint, 2-22, 2-36 suppression of, 3-343, 3-351
Switch tooth ripples in, 3-355

circuitry, Interference reduction In, 3-159 symmetry in, 3-355
gap glow discharge, 3-159 System node

Switched circuit, formula for computer, 3-319
output voltage of a, 2-207 amplifiers In, 3-325
total energy coupled Into a, 2-207 cable considerations in, 3-323

Switching components for, 3-325
characteristics, transistor, 3-58 interference suppression by,3-319, 3-320
contact erosion, 3-173
devices, shielding of, 2-170
interference, 1-29, 1-44,3-161 T

bridging type, 3-160
control of, T-section filter, 3-89

gas-filled diode tubes, 3-189 strlpline, 3-101
magnetic amplifiers, 3-189 T-type filter, formula for insertion loss of,
thyratrons, 3-189 3-93
vacuum electron tubes, 3-189 Tank circuit

filter double-tuned, for transmitter interference
In shiulded enclosure, 3-195 3-291
networks for reducing, 3-194 level of harmonics In, 3-292

filtering and shielding of, 3-197 pi-section filter, for transmitter interfer-
reduction, 3-162, 3-171 ence suppression, 3-291

components for, 3-163 ff., 3-184., 3-187ff. Tape, Mu-metal shield, 2-170
using TFIo mode attenuation in rectangular waveguide,

bias batteries, 3-179 ff. 3-110
composite filter, 3-195 T1ll mode attenuation in circular waveguide,
coupled coils, 3-176 3-109
diodes and varistors, 3-166,3-169,3-171 Temperature
double-pi filter, 3-196, emblent, of a filter, 3-96
electron tubes, 3-119 ficients, of a bond, 2-21
load-shunt diode, 3-162 ted
parallel-switch circuit, 3-175 ,iode
series mean-s, ared noise current fluctuations,

capacitor and non-linear resistance, formula for, 3-9
3-173 shot effect In, 3-9

resistance and parallel capacitance, emission in vacuum tubes, 3-9
3-173 Test

switch-shunt diode, 3-168 Interference, 1-4
transistors, 3-191, 3-192 conducted, 1-4
two diodes, 3-168 radiated, 1-4

sawteeth type, 3-160 susceptibility, 1-4
suppressors, plan, ENC, !-87

capacitors as, 2-164 af conducted susceptibility bests for,1-94
inductors as, 3-163 antenna conducted tests of, 1-97
resistors as, 3-164 conducted rf interference in, 1-91
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Test
plan, EAC Tin for bonds, 2-27, 2-28

front end rejection tests for, 1-94 Tinned copper jumper for bonds, 2-28
Intermodulation Tire and track static, 1-29

broadband, tests for, 1-96 Tooth
narrobidand, tests for, 1-94 ripples in alternators and synchronous

radiated Interference tests of, 1-92 motors, interference suppression o
rf 3-355

conducted susceptibility test for, 1-94 type lock washer for bonds, 2-22, 2-29
radiated susceptibility tests for, 1-93 Toroid, 3-143

test formula for inductance of, 3-145
equipment and facilities required for, Total

1-89 reflection loss
report for, 1-100 at both surfaces of a solid

points copper shield, 2-71
decoupling of, 3-212 steel shield, 2-70
silelding of, 3-212 electric field
',usceptibility of, 3-212 formula for, 2-47

report for SI test plan, 1-100 steel and copper shields, 2-67
Textile gasket, metallic, 2-131 magnetic field
Thermal steel and copper shields, 2-68

agitation Interference, 1-6 plane wave field
noise formula for, 2-47

and shot noise, formula for addition of, steel and copper shields, 2-69
3-12 shield, 2-44

current, mean-squared, generated by a shielding effectiveneiss, 2-39, 2-40
triode load resistor, formula for, formula for, 2-39

3-16 TR-ATR tubes
in a diode c.rcuit, 3-11 Interference in, 3-47
inetallic resistor, formula for, 3-Il shielding of keep-alive voltage lead, 3--'"
vacuum tube, 3-8 Transconductance, triode, 3-13

Thermistor, 3-55 ratio of, to conductance of equivalent
arc Interference reduction using a, 3-55, diode, 3-13

2-56 Transfer media, Interference c:, 1-46
transistor voltage suppression, using a, Transference, magnetic field, 2-77

3-57, 3-58 Transformer
Thermostatica ly-control led oscillator crystal dc, interference In, 3-69

oven Interference, 3-159 Isolation, 2-15, 3-148, 3-152
Thin-film Faraday box-shield for,3-146,3-148,3-150

capacitor, miniaturized, 3-328 guard shield for, 3-150, 3-151
circuit, miniaturized, multllayer, 3-3 1 minimizing ground potential for, 2-17
deposited resistor, miniaturized, 3-321 Transient

Third-order Intomodulation pulse shape, analysis of any, 1-20
products, 3-214 response, 2-207
vs. bias and gain, 3-219 volage wave, 1-9

Thyratr•n Trans ents
Interference from, 1-30, 3-3 high-voltage, positive temperature-coeffic

high-voltage power supply, 3-i4 ant thermistors to protect semi-
spike on grid, 3-6, 3-7 conductors against, 3-55
trigger voltage lead, 3-6 negative, In SCR gate circuits, 3-86

location for Interference reduction, 3-8 SCR gate, decoupling UJT circuits against,
plate current and voltage vs. time,3-393-5 3-86
shielded compartment, filtering of leads supply, decoupl;ng UJT firing circuits of

entering, 3-4 SCets from, 3-86
shielding of, 3-4 voltage

radiation through glass envelope, 3-8 circuits for decoupfling UJT's from, 3-8;
switching Interference coitrol of, 3-189 use of thermistor to reduce, between

emitter and collector of transistc
3-57
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Transistor Transmittance
alloy junction, 1004 modulated interferinq optical

voltage, 3-71 of semitransparent shielding materials,
amplifiers, cross-modulation in high-fre- 2-165, 2-167

quency, 3-68 ratio of electrical transmittance to,2-165
circuits, interference in, 3-65 Transmitted have, ratio of intensity of re-
control circuits for switching interference flected wave to, 2-101

reduction, 3-191, 3-192 Transmitter
drift, 100/; modulated interfering voltage, conduction interference, 3-288

3-72 coupling
noise, 3-59 attenuation, 3-288

circuit parameters, as a function of,3-62 emission interference, 3-286, 3-287
drift and diffusion currents as a function emission

of, 3-59 interference, 3-278, 3-288
emitter, formula for, 3-60 frequenry, definition of, 3-278
figure harmonic, formula for, 3-279, 3-300

factors influencing, 3-65 filters for, 3-297
formula for, 3-60 frequency of, 3-299
function of suppression of, 3-29B

collector vo!tage, 3-65, 3-67 intermodulation, 3-278, 3-282
emitter current, 3-65, 3-66 audio, 3-283
frequency, 3-62, 3-63 product frequency, formula for, 3-284
source generator resistamne, 3-63,3-64 radio frequency, 3-283

model, 3-60, 3-61 suppression of. 3-308
term in collector circuit, formula for,3-61 modulation splatter, 3-293

recombination fluctuations In a, 3-65 suppression of, 3-304
rms value of an interfering signal, formula noise, 3-278, 3-281

for, 3-68 suppression of, 3-308
sma l-signal "1, equivalent circuit of,3-60 parasitic, 3-280, 3-302
source generator resistance, formula for shock-excitation, 3-286

optimum value of, 3-63 spurious. 3-289
switching characteristics, 3-58 frequency of, form3l2 for. 3-299
unijunction (see UJT) suppression, 3-288, 3-296, 3-297
voltage suppression using a thermistor,3-57, double-tuned tank circuit for, 3-291

)-Ssl mixers for, 3-290Transistorized receivers, Instability ofJ-202 fm, absolute power levels of sidebands of,
Transit time conductance for vacuum tubes,3-)8 formula for, 3-305
Trensmlisson frequency multiplication in, 3-296

cable, shielding of, 2-80, 2-81 klystron (see klystron)
line spurious emission, 2-42, 3-278,3-279,3-288analogy of shielding, 2-39 3"309
filter angular modulation splatter, 3-280

lossy, 3-99hamnc3-7
ferrite tube, Insertion loss vs. fre- harmonic, e -279ctquency curve for a, 3-100 shock exicltation, 3-286

sideband splatter,3-278,3-280,3-304
strip (see strip transAisslon line fll- suppression of, 3-298

tar) double-tuned circuits, 3-296
Iossy, shielded hookup wire as, 2-192 location for, 2-222

system cabling, wye-connected, 2-213 wavegulde filters for, 3--97
Transmittance Transverse slots in stripline filter, 3-102

tolectrical
of semitransparent shielding materials,2-165 Trap, wave, definition of, I-5
ratio of, to optical transmittance, 2-165 TrpuezoIdelnicrohave, of semitransparent shielding pulse, Interference level for, I-I4 ff.

mr ateriolse 2-167 waveform, approx~mation of clipped sinusoidaltone, formula for, 3-306
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Travel ing-wave tube, 3-41 Tube
frequency vs. delay-per-unit length for a Interference, discharge, 1-30

delay line In, 3-42, 3-43 klystron (see klystron)
harmonic freauency generation In, 3-46 microwave
operating lines of, 3-42 integral filtering within vacuum envelope
phase shift vs. frequency for, 3-43 o, 3-52
strong magnetic field to focus electron interference in, 3-23

bear, of, 3-52 multielement, noise energy in, 3-17
Tray noise, inhere-nt, 3-8

cable, bonding, 2-31, 2-35, 2-36 openings, cathode-ray, shielding of,2-168,2-
shock-mounted, bonding of, 2-221 suppression, 3-49

Triangular pulse, formula for interference thyratron (see thyratron)
level of, 1-15 TR-ATR (see TR-ATR tube)

Triaxial cable, 2-177, 2-180, 2-199 traveling-wave (see TWT)
Trigger vacuum (see vacuum tube)

circuit, SCR, 3-85 Tubing
vo!tage lead to thyratron, interference from conduit, 2-30

3-6 zipper, for cable shield foil, 2-171
Triode Tuned caviLies in waveguides, 3-1i1, 3-113

equivalent noise resistance Tunnel diode
formula for, 3-13 crystal cotitrol of, 1-32
of a interference, 1-32

mixei, formula for, 3-13 par4asitics in external circuitry of, 3-78
space-charge-limited, 3-12 Twisted 3-conductor cable with sing:e or dout

grid noise voltage, formula for a, 3-14 outer shield, 2-177
intermodulation rejection characteristics Twisted-pair

for 6A4 type, 3-220 cable, 2-182
mear•- squared multiconductor, 2-185

plate fluctuation current in negative- conductors, 2-184
grid of a, formula for, 3-10 double shield cable, 2-177

thermal-noise current generated by a naqnetlc couplinq reduction of, 2-205
load resistor, formula for, 3-16 shielded

negative-grid, shot effect in, 3-10 cable, 2-188
noise calculations, 3-IS wire, 2-182, 2-205
ratio of single shield cable, 2-177

noise energy of, to noise energy of dynamic unshlelded cable, 2-205
tube resistance, 3-13 TWT

transconductence of, to conductance of amplifier
equivalent diode, 3-13 as an attenuatort 3-41

rms output characteristics of a, 3-48
grid noise voltage, formula for, 3-16 delay line, impedpnce vs. frequency for, 3-4,
output noise voltage, formula for, 3-16 impedance vi. frequency of, 3-42

total noise voltage output, formula for. 3-14 minimizing spuriou'r frequency generation in,
transcoeductance of. 3-13 3-51

Troposphere. 1-25 operating voltage conditions in, 3-45
Tube power level in harmonics of, formula for, 3-

acting as waveguide attenuator, 2-130 spurious frequency generation in, 3-42
ampfler, traveling-wave, description of velocity vector of beam volt&ge in, 3-46

(see also Tw), 3-41. with bandp-ass delay line coupled periodic-
backward-wave (see backward-wave tube) ally to electron beam, 3-4L4
direct-view storage, magnetic shielding of, Type I and II materials for bonds, 2-27

2-165
ducts, honeycomb, as waveguides below cutoff,

2-101
electron, control of switching clrcuits,3-189
gas, Interference from, 3-158
installation for interference reduction, 3-22
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U Vacuum tube

UHF temperature-limited emission In, 3-9

receiver's front end, p.otection of,3-49,3-50 thermal noise In, 3-8

vacuum tubes transit time conductance for, 3-18

Interference from, 3-8 Varactor interference, 1-33

shot noise In, 3-8 Variable-tuned receivers, attenuation of local

thermal noise in, 3-8 oscillator signal in, 3-254
UJT, Var at ion

boot-strap capacitor in, 3-86 electric field intensity in a magnetron,3-24

circdits, decoupling from interference

SCR gate transients, 3-86 impedance, 1-43

voltage transients.03-87 voltage, 1-43
firing circuits transistor noise with circuit parameters,3- 6 2

decoupling, of SCR's from supply transients, Varistors for switching interference reduction,

3-86 3-166, 3-169, 3-171
for SCR's, 3-85 Velocity

Ultraviolet lamps, shielding of, 2-156 light in free space, 2-45

Unbalanced circuits, 2-214 modulation, klystron, 3-32

Undesired vector of beam voltage in a TVT, 3-46

emission from receiver, 3-198 Ventilation

response in receive-, 3-198 aperture

inimag 80 shields, 2-163 clamped screen installation over a, 2-105

Unintentional harmonics as source of narrowband welded screen installation over a, 1-105

interference generation, 1-20 panel, honeycomb-type, 2-102, 2-103, 2-116

Universal VMbration of bonds, 2-29, 2-37

motors, interference suppre:sion of, 3-357 Video

waveguide seal, design of, 2-216 Integration, interference suppression by,

Unshieldec 3-262, 3-263
twisteld- r 2overload in intensity-modulated displays,twiSted-pair, 2-205 3-247

wire, use of, 2-182

Utility lines, separation of, from signal loads, signal radiation and conduction of receivers,
2-2133-202
2-213 slowed-down, Interference suppression by,

3-262

V Voltage
interference, 2-204

mtube regulator, 1-34
Vacuum tuspikes on thyratron, low-pass filter to

equivalent noise eliminate, 3-7
conductance for, 3-lb step, coupling signal resulting from,2-208
resistance referred to grid In, 3-18 variation Interference, 1-43

flicker effect in, 3-9
formula for signal-to-noise ratio at output wavefom, thyratron, 3-3

and Input of, 3-1e
interference, 3-8, 3-69

reduction-suppression techniques for. 3-19 W
ion;zation In, 3-9

noise Waffle-iron waveguide filter for magnetron,
figure of, 3-18, 3-19, 3-21 3-53, 3-108
parameters at 90 mc, 3-21 Washer for bonds, 2-26, 2-27

optimum source impedance in, 3-19 cadmium-plated, 2-28
secondary emission in, 3-9 magnesium, 2-28
shot tooth-type, lock-, 2-29

effect in, 3-9 Water table, permanent, 2-6
noise in, '-8, 3-9 Wave

space-charge-limited region in, 3-9 field, plane, 2-43
susceptibility, 3-22 Iedane, 2-43
switching interference control of, 3-189 Impedance, 2-46, 2-101
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Wave Waves
Impedance plane
compared to a wavelengtn, formula for,2-95 comparative shluldlng effectiveness of,2-5
Incident, 2-44 In free space, Impedance of, 2-45

formula for, 2-46 solar, classificaticn of, 1-24
peaked, composition of, 1-8, 1-9, 1-10 Weatherstripping; electrical, applicatlons,2-.
shape, complex, composition of. 1-6 Weatherstrips, conductive, electronic, 2-136
square, composition of, I-8 Welded
transient, voltage, 1-9 bonds, 2-22, 2-36
trap, definition of, I-5 screen over ventiliation aperture, 2-105

Waveguide Welding, spot, of magnetic shields, 2-161
attenuation, 2-100, 2-128 Wide-band reflective waveguide filter, 3-108
attenuator, 2-129 Width-to-length ratio of bonding strap, 2-221

apertures acting as. 2-92, 3-108 Windings, compensating, suppression, 3-345
rectangular, formula for, 2-125 Wire
shield, use of, 2-116 compressed knitted gasket, 2-150
tubes acting as, 2-130 copper, formula for inductance of a stra..*

below cutoff, 2-96, 2-116 piece of, 3-125
honeycomb tube ducts as. 2-101 diameter to skin depth for screening, formu'
losses, 2-41 for ratio of, 2-94
shield as, 2-129 ground, 2-9

bullet septa in a. 3-111 hookup, as a iossy transmission line,• IQ 4
circular inductance

attenuation, 2-127 of various lengths of, 3-125
formuia for, 2-128 vs length of straight round, 2-126
for TEll mode, 3-109 meshoperating below cutoff, 2-125 aperture sizes for typical screeningevacuate, serated-ridge, 3-108 materials, 2-112filter, 3-106 knitted, conductive gaskets, 2-131, 2-151

corrugated, 3-52, 3-108 shielded, 2-182
for interference suppression, 3-297 twisted pair, 2-182
formula for attenuation in a length of, twisted pair. 2-1823-108 unshiel ded, 2-182
high-pass, 1-006 Wireways and conduit, placement of, 2-214microasve, 3-102 Wiring, shielding of, 3-255mode . 3-1 2 Wovenwaffle-iron, magnetron, 3-53 aluminum mesh conductive gasket. 2-151
wide-band, reflective, 3-108 metal

hollow-pipe, attenuation characteristics of, mesh, 2-1023-107 -neoprene gasketing material, 2-14,6narrow wall mode absorber strips in, 3-110 metallic mesh gasket for rf bonding, 3-206rectangular Wye-connected transmission system cabling, 2-,
attenuation. 2-126

for TEI mode 3-110
charecteostlc impedance of Z
lowest cutoff frequency, formula for,2-128
operating below cutoff, 2-125

resistance films as mode filter In, 3-114 Zener diode
resonant ferrite materials In, 3-Ill avalanche breakdown of, 3-76
rod and bullet septa in, 3-111, 3-113 interference, 1-31, 1-33
seal, universal, design of, 2-216 reduction circuits, 3-79
septum section of, 3-111, 3-112 regulator, current and voltage characteristi
shielding, 2-38 of, 3-77
spurious modes of propagation In, 2-215 switching circuits for reducing excessive pc
tuned cavities in, 3-Ill, 3-113 tentials, 3-77

Zero-impedance body intertle system, 2-5
Zinc-plated bonds, 2-27, 2-28
Zip.eor tubing for cable shield foil, 2-171
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